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ABSTRACT

The purpose of this report is to present the preliminary design results of the advanced

aircraft design project at the University of Kansas. The goal of the project is to take a

revolutionary look into the design of a generai aviation aircraft. This project was conducted as

a graduate level design class under the auspices of the KU/NASA/USRA Advanced Design

Program in Aeronautics. The class is open to aerospace and electrical engineering seniors and

first level graduate students.

Phase I of the design procedure (fail semester 1990) included the preliminary design of

two configurations, a pusher and a tractor. The references listed in Section 1.1 of this report

document this preliminary airframe design as well as other (more detailed) design studies, such

as a pilot workload study, an advanced guidance and display study, a market survey, structural

layout and manufacturing, and others.

Phase II (spring semester 1991) included the selection of only one configuration for further

study. The pusher configuration was selected on the basis of performance characteristics, cabin

noise considerations, natural laminar flow considerations, and system layouts. The design was

then iterated to achieve higher levels of performance. Several of the more detailed studies were

also continued through Phase II. Section 1.2 of this report contains a listing of all reports

documenting the work completed in Phase II design.

This report specifically deals with the Phase II design studies. Reference 1.1.17 is a

summary report on the Phase I design studies.
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1. INTRODUCTION

The purpose of this report is to document the Phase tI design studies of the Advanced

Personal Transport (APT) pusher configuration. This project was conducted at The University

of Kansas under the auspices of the KU/NASA/USRA Advanced Design Program in Aeronautics.

The design process was broken into two phases:

Phase I - AE 621 (fall semester 1990)

pilot workload study

market survey

determination of mission specifications

preliminary design of two configurations, a pusher and a tractor.

design of natural laminar flow (NLF) airfoils

preliminary design of a fly-by-wire, decoupled response flight control

system

aircraft system layouts

advanced guidance and display study

structural layout and manufacturing of the wing and fuselage

investigation into smart structures

maintenance and repairability

design, construction, and testing of an iron bird

Phase II - AE 622 (spring semester 1991)

selection of one configuration and reiteration of airframe design

continued research and study in the following areas:

advanced guidance and display

primary flight control system design
iron bird

electrical system design considerations

maintenance and repairability

manufacturing and cost

structural analysis

All of the reports documenting the work completed in Phase I are shown in Section 1.1, and a

similar list for Phase 1-I is shown in Section II.

This report contains a brief summary of the Phase I configuration designs and a summary

of the Phase II design studies.

1.1 Reference List of Phase I Desien Reports

This section contains a listing of all reports documenting Phase I design work.

1.1.1 Burgstahler, Huffman, Ryan, Market Survey Report for the Advanced

Transport, The University of Kansas, 11 September 1990.

Personal



1.1.2

1.1.3

1.1.4

1.1.5

1.1.6

1.1.7

1.1.8

1.1.9

1.1.10

1.1.11

1.1.12

1.1.13

1.1.14

1.1.15

1.1.16

Axmann, Knipp, Roper, Wenninger, Pilot Work Load Study, The University of Kansas,

20 September 1990.

Hoffmann, Rodkey, Roper, Advanced Guidance and Display Study, The University of

Kansas, 30 November 1990.

Axmann, Knipp, Equipment List for Typical Aircraft and Proposed APT, The

University of Kansas, 4 October 1990.

Burgstahler, Huffman, Mission Specification for the Advanced Personal Transport, The

University of Kansas, 20 September 1990.

Barrett, et. all., Preliminary Design of Two Confizurations, The University of Kansas,
15 December 1990.

Anderson, Jackson, Loads Analysis of the Advanced Personal Transport, The University

of Kansas, 4 December 1990.

Chronister, Jackson, Fuselage Design and Manufacturing Study, The University of
Kansas, 4 December 1990.

Bauguess, Weiss, Wing Layout, Design and Manufacturing Tolerances of the Advanced

Personal Transport, The University of Kansas, 12 December 1990.

Hoffmann, Wu, Electrical System Design Considerations for the Advanced Personal

Transport, The University of Kansas, 20 November 1990.

Dreiling, Weiss, Results of Investigation into the Use of Smart Structures for the

Advanced Personal Transport, The University of Kansas, 4 December 1990.

Shumate, Woolpert, Primary Flight Control System Study, The University of Kansas,
December 1990.

Axmann, Knipp, System Layouts for the Advanced Personal Transport, The University

of Kansas, 30 November 1990.

Bauguess, Lawson, Woolpert, Maintenance and Repairability Study, The University of
Kansas, 13 November 1990.

Dirkzwager, Schlatter, Natural Laminar Flow Airfoil Desien for the Advanced Personal

Transport, The University of Kansas, 9 November 1990.

Barrett, Chronister, Design, Construction, and Test of the Iron Bird, The University of
Kansas, 11 December 1990.



1.1.17 Gomer,et. al., Preliminary Design Studies of an Advanced General Aviation Aircraft,

The University of Kansas, 21 December 1990.

1.2 Reference List of Phase II Design Reports

This section contains a listing of all reports documenting Phase 1I design work.

1.2.1

1.2.2

Evans, Demoss, Electrical System Report for the Advanced Personal Transport, The

University of Kansas, April 1991.

Knipp, Dirkzwager, Manufacturing Plan and Cost Analysis for the Advanced Personal

Transport Pusher Configuration, The University of Kansas, May 1991.

1.2.3 Dirkzwager, Structural Design of the Advanced Personal Transport Pusher

Configuration, The University of Kansas, May 1991.

1.2.4

1.2.5

1.2.6

1.2.7

1.2.8

Knipp, Keiter, Demoss, Advanced Guidance and Display Study for the Advanced

Personal Transport, The University of Kansas, April 1991.

Barrett, et. al., Design, Construction, Test and Evaluation of an Aileron-Servotab Iron

Bird, The University of Kansas, May 1991.

Barrett, et. al., Preliminary Airframe Design for the Advanced Personal Transport

Pusher Configuration, The University of Kansas, May 1991.

Wenninger, et.al., Preliminary Airframe Design for the Advanced Personal Transport,

The University of Kansas, May 1991.

Evans, Smith, Wenninger, Maintenance and Repairability Study for the Advanced

Personal Transport, The University of Kansas, May 1991.



2. PRESENTATION OF PHASE I DESIGNS

The purpose of this chapter is to discuss the configuration selection and final Phase I

layouts of the APT pusher and tractor configurations. This section provides a general summary
of the material discussed in Reference 2.1.

2.1 DESCRIPTION OF THE PUSHER APT CONFIGURATION

A twin boom three surface configuration was selected for the pusher APT layout. Some

of the advantages of this configuration include:

Provides a high degree of structural synergism by allowing the aft pressure bulkhead,

wing carry-through mount, and main landing gear mount to form one integral fall-safe
unit.

Recent research (References 2.2 and 2.3) has shown that, for the same basic geometry,

three surface configurations typically have a higher trimmed L/D than either conventional

or canard configurations. The research has also shown that three surface layouts can

have lower trim drag over a wider center of gravity range than do two surface layouts.

* Flap-induced pitching moments can be automatically trimmed by incorporating a flap on

the canard that is "geared" to wing flap deflection.

A three-view and table of geometry of the final Phase I design is shown in Figure 2.1 and

the fuselage layout is shown in Figure 2.2. One of the primary features of this layout is that it

was designed to attain a high extent of natural laminar flow (NLF). All flying surfaces utilize

NLF airfoils, and the fuselage features a pusher propeller and smooth NLF forward fuselage. The

wing is swept forward 15 ° (measured at the leading edge), and features a mid-wing location to

decrease fuselage interference drag. A strake is incorporated at the wing root for the following

reasons:

* To stiffen the wing root against the high torsional loads inherent with forward swept

wings.

* Provide local strengthening for tail boom support.

* Increase available fuel volume.

The horizontal tail was located at the top of the vertical tails to place it above the propeller

slipstream, which reduces structural noise and fatigue and should allow attainment of NLF on the

tail surface. Ventral fins mounted on the tail booms insure against prop strikes if the airplane
is over-rotated.

Engine air is provided by twin inlets located on each side of the airplane underneath the

wing, with each inlet independently feeding one engine. This arrangement provides an essential

4



Table of Geomelrv of the Pusher Alrl ' Configuralion

WJ0.g I Ioriz. Tail Canard Vcrl. Tail

Area 156.9 ft 2 31.7 ft 2 8.0 fl 2 38.6 ft 2

Span 43.4 ft 11.9 ft 7.8 ft 6.5 ft

Aspect Ratio 12.11 4.5 3.8 I. i

Sweep Angle -15 ° (@ L.E.) (? 0 ° (@ 0. l(Ic) 40 ° (@ .L.E.)

M.A.C. 4.00 ft 2.6 ft 1.011 ft 4.2 fl

Taper Ratio 0,35 1.0 I).711 I).40

Dihedral Angle 3° (!) -5 ° [,)0°

Incidence Angle 1.0 ° 1I' 3.1) ° 0_

Twist Angle O' (F 1)_ 1)_

Airfoil Custom NLF Section ......

"l]lickness Ratio 0.13 0.09 0. I ! 0.09

Control Surf. Chord Ratio 0.25 0.30 N/A 0.32

Control Surf. Span Ratio 0.72 - !.1)0 0 - .98 N/A 0.20 - 0.85

Flap Chord Ratio 0.25 N/A 0.35 N/A

Flap Span Ratio O. 19 - I).72 N/A 0.21 - 1.00 N/A

Cabin Fnseli__uc Overall

l,ength i i.17 ft 29.33 ft 34.75 fl

Max. i leight 4.67 ft 5.42 fl 9.92 ft

Max. Width 4.58 ft 4.92 ft 43.40 fl

c) ©

.Figure 2.1" Phase I Pusher APT Configuration
(...t_



CANARD TORQUE

EMERGENCY EXIT--_

BOX_/(___/
yL / /

L_INLETS

SCALE: I/IO0

/--WING TORQUE BOX
AFT PRESSURE ---_ I

FORWARD PRESSURE ---,, BULKHEAD \ / "---'-'1

BoL_._o\ ", / I/F/
WEATHER RADAR-- "___---__ 1--I--_/_

() / k, ,)__."___ (ALSO PROP. DE-ICE)
AIRSTAIR DOOR _ \ _

X---IAFT WING MOUNT/
FIREWALL

Cr_

Fi_t,re 2.2: Fuselage L.a.yout of the Phase I Pusher APT Configuration



measure of redundancy, since if a bird or piece of ice is ingested by one inlet, it will only affect

one engine and not both. A combined single exhaust is directed straight aft, which offers the

advantage that the hot exhaust gases can provide simple propeller de-icing. A standard

retractable tricycle landing gear arrangement was selected, with the nose gear retracting forward

into the nose and the fuselage-mounted main gear retracting aft into the area underneath the wing

and inlets. Cabin access is provided by an air-stair door on the left fuselage, which is a

convenient feature usually found only on larger turboprops and business jets.

2.2 DESCRIFrlON OF THE TRACTOR APT CONFIGURATION

A conventional configuration was selected for the tractor APT layout. Some of the

advantages of this layout include:

* Good balance and flexible wing placement.

* Low development costs due to the extensive database of similar airplanes.

A three-view and table of geometry of the final Phase I design is shown in Figure 2.3 mid the

fuselage layout is shown in Figure 2.4. As can be seen, the layout is rather conventional and is

similar to many popular general aviation airplanes.

To allow a fair comparison with the pusher APT configuration, the tractor configuration

utilizes the same cabin layout and wing geometry. A low wing arrangement was selected to

allow the wing carry-through structure to pass under the cabin and to allow simple wing-mounted

landing gear. A T-tail arrangement was used to remove the horizontal tail from the turbulence

of the fuselage and propwash, which can allow a small reduction in tail area and should allow

attainment of NLF on the tail surface. A standard retractable tricycle landing gear arrangement

was selected, with the nose gear retracting underneath the engine and the main gear retracting

into the wing. Cabin access is achieved by first stepping up onto the wing and then entering a

side-hinged door located on the left side of the fuselage.

Unlike the pusher configuration, there was no practical place in the fuselage of the tractor

configuration to mount the weather radar. Consequently, the radar was mounted in a pod on the

left wing, similar in arrangement to that of the Cessna P-210 Centurion.

2.3 CABIN LAYOUT

The cabin layout of the APT was sized by comparison with similar current generai aviation

airplanes, and the final layout is shown in Figure 2.5. The cabin dimensions selected for the

APT are relatively large compared to similar airplanes for the following reasons:

Current small general aviation airplanes are not known for cabin comfort. To improve

marketability, the cabin of the APT was designed to ease this problem as much as

practical, without causing undue weight or drag penalties.



_ble of (ieomelry of the Traclor APT ConfilLuralion

Wh)g I Ioriz. Tail Ven. Tail

Area 151.7 fi 2 36.4 h 2 27.3 ft2

Span 42.7 ft 12.8 fl 5.6 ft

Aspect Ralio ! 2.0 4.5 !. 2

Sweep Angle - 15 ° (@ L.E.) 9 ° (@ L.E.) 40 ° (@ I_.E.)

M.A.C. 3.89 ft 2.87 ft 5.7 ft

"l'al_r Ratio 0.35 (1.7 0.40

Dihedral Angle 3° 0° 9(P

Incidence Angle 1.0 ° 0 _ (!_

Twist Angle 1_ (I_ 0_

Airfoil Custom NLF Section ....

"lllickness Ratio O. 13 0.09 0.09

Cont=-ol Surf. Chord Ratio 0.25 0.30 0.32

Control Surf. Span Ratio 0.72 - 1.00 0 - .98 0.20 - 0.85

Flap Chord Ratio 0.25 N/A N/A

Flap Span Ratio (I.19 - 0.72 N/A N/A

Cabin Fuselage Overall

Izngtll ! 1.17 ft 29.33 fl 34.75 ft

Max. I leight 4.67 h 5.42 ft 9.92 h

Max. Widlh 4.58 ft 4.92 ft 43.40 ft

o_ Figure 2.3: Phase I Tractor APT Configuration
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* The rather long range specified in the mission requirements results in long flight times,

and a comfortable cabin is very desirable for long flights.

The fuselage cross section of the APT is shown in Figure 2.6, and features a circular upper and

a rounded square lower cross section. This arrangement was selected as being a compromise

between the structural efficiency of a fully circular cross section and the low wetted area and

volume penalties of a fully square cross section.

A pictoral illustration of the proposed APT cockpit layout is shown in Figure 2.7. The

layout features two sidestick controllers, one on each side of the cabin, and a center console

containing the speed control handle. Due to the high degree of automation in the flight control

system, neither rudder pedals, brake pedals, flap handles, or landing gear handles are required

(Reference 2.4). The layout features a HLZD (heads up display) projected directly onto the

windshield and a single CRT (cathode ray tube) touch screen. The CRT will display all required

systems information and will also be used for data entry, hence no other instruments or separate

data entry devices are required in the cockpit. One interesting feature of this cockpit arrangement

is that it allows incorporation of a sliding table or tray, which can be slid out from under the

control panel to hold aeronautical charts, maps, or even drinks.

2.4 PERFORMANCE

The performance capabilities of both configurations of the APT are shown in Table 2.1.

Table 2.1 also compares the APT configurations with the primary competitors: the Piaggio P-

180, the TBM-700, and the Beech Starship. The APT meets or nearly meets all of the

requirements defined in the mission specification, except for the cruise speed and maximum

range. This could demand the resizing of the entire aircraft. The APT configurations compare

favorably with the competitors in Table 2.1.

2.5 REFERENCES FOR CHAPTER 2

2.1 Barrett, et. al., Preliminary Design of Two Configurations, The University of Kansas,
December 1990.

2.2 Kendall, E.R., The Minimum Induce Drag, Longitudinal Trim and Static Longitudinal

Stability of Two-Surface and Three-Surface Airplanes, AIAA Report 84-2164.

2.3 Selberg, B.P., Analytical Study of Three-Surface Lifting Systems, NASA TN 850866.

2.4 Shumate, Woolpert, Primary Flight Control System Study, The University of Kansas,
December 1990.
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Figure 2.6: Cabin Cross Section
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Table 2.1 Comparison of the APT with the Competition

WEIGHTS

Maximum Takeoff wt. (lbs)

Standard empty wt.(lbs)

Maximum useful load (lbs)

Maximum wing loading (psf)

APT APT Socata/Mooney BEECH
PUSHER TRACTOR TBM-700 STARSHIP

PIAGGIO

P - 180

PERFORMANCE

T.O. Fieldiength (ft) [sls,isa]

Maximum climb rate (f-pm)

Best climb rate speed (kts)

Clean stall speed (kts)

Landing stall speed (kts)

Service ceiling (ft)

Normal cruise speed (kts)

at altitude of (ft)

High speed cruise (kts)

at altitude of fit)

Fuel flow for:

Normal cruise (lbs/hr)

High speed cruise (lbs/hr)

Maximum range (nm)

6325 6250 6510 14400 10510

3760 3660 3637 10320 6700

2800 2800 2646 4280 3810

40.3 41.2 32.2 51.3 61.95

1870 2050 1936 3280

4300 4650 2380 3100

260 243 123 180

76 77 75 99

60 63 61 84

45000 44000 30000 41000

310 300 282 270

45000 44000 30000 35000

360 350 300 335

25000 25000 26000 22000

323 330 312 ---

708 700 320 984

945 930 1000 1450

2415

3650

160

105

82

41000

320

41000

400

270O0

460

860

1800
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3. PHASE I DESIGN DIFFICULTIES

The purpose of this chapter is to discuss the design difficulties encountered in Phase I design. The

discussion will be limited to those aspects that pertain specifically to the airframe design of the pusher

configuration. The design cUfficulties are summarized in the following list.

* The APT does not meet the maximum speed and range requirements. A possible solution is the

reiteration of the design at a higher wing loading and a resized powerptant installation.

Early in the design process, a twin inlet arrangement was selected for the pusher APT

configuration, with one inlet located under each wing root. Later propulsion integration studies

suggested an arrangement using a single inlet mounted on the top of the fuselage. The top

mounted inlet would also be advantageous from a foreign object damage (FOD) perspective.

* The aft end of the fuselage needs to grow to accommodate the dual Garrett engine and Soloy

Twin Pack configuration.

* In Phase I design of the fuselage, the shaping of the forward fuselage for laminar flow was only

estimated by comparison with similar designs.

* The APT does not fulfill all of the Level 1 flying quality requirements.

* The APT is too stable in the spiral mode for the power approach flight condition.

* The dutch roll in cruise flight does not satisfy the requirements for Level 1 flight. By increasing

the vertical tail area slightly the APT will satisfy this requirement.

* It is a concern that the wing will not allow adequate volume for complete fuel storage. This
needs to be verified.

* Further research needs to be done in the area of de-/anti-icing, specifically maintenance
considerations.
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4. ADVANCED GUIDANCE AND DISPLAY

This chapter documents the design considerations for the guidance an d display system in an

Advanced Personal Transport. The chapter begins with an in depth look into possible navigation

systems. The types looked at.are the Global Positioning System (GPS), differential GPS, Inertial

Navigation Systems (INS), and an integrated system combining all of these. The advantages and

disadvantages of each system are studied, with the most appropriate system being chosen in the

end.

The HUD will be introduced in the next section. What the HUD is and its justification

are discussed. The following section will show what is on the HUD and the display screen

during flight. Both normal flight and emergency flight situations will be shown.-

4. l N'AVIGATION

The purpose of this section is to discuss the navigation system that will be used in the APT

Pusher. The systems that will be studied are the Global Positioning System (GPS), differential

GPS, Inertial Navigation Systems (INS), and an integrated GPSANS system. It will be shown

that an integrated system would be most appropriate for the APT.

4. t.[ Global Positionine System

The Global Positioning System consists of a constellation of 21 satellites. Each saieUite

transmits two kinds of data, almanac and ephemeris. Almanac data describes were each satellite

should be at any given moment. Ephemeris data provides precise orbital correction factors to

account for the gravitational tug of wa.r exerted on the satellite by the earth, sun, and moon. Data

is transmitted at a rate of 50 bits/see over channel L1, which is 1575.42 MHz. The GPS receiver

decodes these signals and can compute the aircrafts latitude, longitude, and altitude.

Although GPS is a potentially Lightweight and accurate navigation system, there are some

problems that make i_ inappropriate for sole means of navigation. These problems are listed and

will be discussed below.

1. Satellite clock synchronization errors

2. Error introduced in ionosphere

3. Satellite lock in time error

4. Blockage by terrain or fuselage

5. Spariotemporal gaps in coverage.

GPS operates on the satellite ran_ng principle, which uses time as a measure of distance.

The GPS receiver decodes the satellite signals and computes the aircrafts latitude, longitude, and

altitude, based on the assumption that its clock is exactly synchronized with the clock of the

satellite. The clocks; however, are generally not synchronized exactly. This error in time leads

to a distance error of approximately 1.5 meters.

16



The ionosphereis the part of the earth's atmospherethat extendsfrom about25 miles out
to about250 miles. It containsfree electrically chargedparticles. As thesatellitesignalpasses
throughthe ionosphere,a position error of approximately4 metersoccurs.

As a vehicle equippedwith GPS travels,somesatelliteswill drop out of sight as others
move into sight. The receiverwill drop adisappearingsatellite andlock on to theone coming
into sight. A: the instantthat a satellite is locked, thereis a noiseerror that is approximately1.:
meter. This error is reducedby the squareroot of t, were t is time in seconds.For example,
after 100 secondsof maintaining a lock on a satellite, the error is reducedby 10. A t meter

error is then reduced to .1 meter. The noise reduction then further improves with time.

Blockage by terrain is mainly a problem when the receiver is locked on to a satellite that is

close to the horizon and a mountain obscures its reception. The more troublesome problem is

blockage by the fuselage during a turn. If the aircraft experiences a 30 degree bank turn, 3-D

coverage could be obscured up to a minute. When the satellites a.re recovered the error discussed

in the previous section, lock in error, will be present.

Even after GPS is fully operational, there will still be times of the day where areas of the

world are not in the line of sight of four satellites. A minimum of four satellites are required for

the receiver to compute latitude, longitude, and altitude. Although this loss of 3-D coverage may

not be critical in cruise, if 3-D coverage was lost during the landing phase of flight it would

cause serious problems.

4.1.2 Differential GPS

Differential GPS is a system designed to enhance GPS by eliminating some of the errors

associated with GPS. The base station, which is at a known position on the ground, receives the

broadcasted data from the satellites. It then computes the satellite orbital estimation errors and

ciock synchronization errors. These corrections are then sent to the aircraft's GPS receiver for

more accurate position determination. With the corrections sent by the base station, the GPS

receiver can calculate position to within 1-2 meters.

GPS problems 1 and 2, (satellite clock synchronization errors and errors introduced in

ionosphere) are eliminated by differential GPS. However; problems 3-5 (lock in time error,

blockage by terrain or fuselage, and spatiotemporai gaps in coverage) are not effected by

differential GPS. Since these problems cannot be corrected by differential GPS, another means

of navigation must be found.

4.1.3 Inertial Navigation System

Inertial navigation is a dead reckoning method of navigation based on the integration of

acceleration to determine velocity and the integration of velocity to obtain position. Three

orthogonally mounted accelerometers measure the acceleration and three orthogonaily mounted

gyroscopes measure the aircrafts angular velocity. The INS does not require external commun-
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ications or inputs during the measurementprocess,thus it is referred to as a self contained
system.

Various instrumenterrors, initial stateerrors,and inaccuraciesin the gravity field lead to
relative position errors in the integration.For INS instrumentationpresently available, these
positionerrorsareof theorderof severalcentimetersafterintegrationintervalsof severalminutes
and grow to hundredsof metersfor integrationintervalsof severalhours.

Theadvantagesof INS is that it is totally selfcontained,thereforeit is notdependanton outside
sources,andit canoffer afull navigationsolution(i.e. position,velocity, heading,pitch androll).
The major limitation of the systemis that it has a high intrinsic error that increasesto an
unacceptablelevel with time. Therefore, INS is good for short term navigation but is
unacceptablefor long term navigation.

4.1.4 Inte_ated Differential GPS/Inertial Navigation System

Global Positioning Systems and inertial navigation systems have been discussed in the

previous sections. Both have been shown to have disadvantages that make them unacceptable

for sole means of navigation. The navigation system that would be appropriate for the APT

would be an integrated differential GPS/INS system. This integrated system maintains the

advantages of both navigation systems without many of the limitations of either.

4.1.5 Gvroscooe Types

It has been shown that an integrated differential GPS/INS navigation system is most

appropriate for the APT. A decision must now be made on what type of gyroscope to use in

the INS. The three possible choices are:

1. Tuned Rotor Gyro (TRG)

2. Ring Laser Gyro (RLG)

3. Interferometric Fiber Optic Gyro (IFOG).

The tuned rotor gyro is the most common type of mechanical gyroscope. It is the oldest type

of gyro and is becoming obsolete. Its weight, power, volume, and cost make it impractical for
the APT.

The second type of gyro considered is the ring laser gyro (RLG). This is now a rather

mature technology with many units in production. It uses an optical cavity that supports two

counter rotating beams of laser light. These beams are recombined after transversing the cavity

and the resulting beat frequency of the recombination is proportional to the angular velocity.

The specifications are reasonable; however, there are some disadvantages associated with RLG' s.

These problems are that it is not amenable to employing integrated optics and a high voltage

discharge is needed to excite lasers.
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The fmai typeof gyroconsideredis theinterferometricfiber opncgyro. IYOG's
are a new technology and arc not on the market yet;however, they arc projectedto be on the

market by 1992. It works on the same concept as the ring laser gyro, but light waves in a fiber

optic cable are used instead of lasers. IFOG's can employ integrated optics and do not need a

high voltage, thus eliminating the problems associated with the ring laser gyro. IFOGs have the

most desirable specifications in every aspect; weight, power, size, cost, and reliability. Thus, the

Interferometric fiber optic gym would be best suited for the navigation system.

4t.2 HEADS UP DISPLAY

The HUD is a display positioned between the pilot and the outside world. The display

contains two types of information, symbology and aircraft data. Symbology, such as horizon

lines and runway markers, are overlaid on the outside world. Many different types of aircraft

data could be displayed, including attitude, air speed, altitude, course, and acceleration. The

HUD eliminates the need for the pilot to cross check instruments with the outside world because

the information is right in front of him. This yields the following advantages:

1. Increased pilot confidence

2. Reduced pilot workload

3. Increased safety

4. More accurate flying in low visibility

The first two advantages, increase pilot confidence and reduced pilot workload are nice; but

the more substantial advantages are the last two, increased safety and more accurate flying in low

visibility. Increased safety is most evident during the most critical phase of flight, the landing.

The vast majority of aircraft accidents occur during landing. This is partly because the pilot has

to often cross check the outside world with inside instruments because position is changing

rapidly. This is what some pilots refer to as "chasing the needles" and results in a very high pilot

workload. With a HUD the pilot can keep his eyes focused on the real world and still read

situational data, since the display is right in front of him.

19



4.3 ADVANCED DISPLAY

The purpose of this chapter is to present the proposed HIJqD/Multifunction Display

interaction during a typical flight in the Advanced Personal Transport. In addition, a sample

emergency proffie will be outlined.

Section 4.1 will present the typical mission, and section 4.2 will present the emergency

mission proffie. Section 4.3 will cover the Multifunction Display as it cottld be used by the pilot

during a normal mission.

4.3.1 Advanced Personal Transport: Standard Mission

The purpose of this section is to conduct a step by step analysis of how flight critical

information is to be displayed to the pilot during a standard mission.

The fLrst information presented to the pilot upon entering the APT is from the

Multi-Function Display (MFD). This display is called Power On.

Powez,On
/ "\

System Initializationin Progress

Done

Self Test & Check List in Progress

,,'O'Q_O°O'Q''°°

Done
\,

\.
./

Figure 4.1 Power On (MZFD)

This display informs the pilot that the system initialization is in progress, and that the

self-test is also complete. The system initialization would include things such as turning on the

communications equipment and other avionics systems required for flight. The self-test is a

series of diagnostic tests performed by the computer on different systems throughout the aircraft.
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The next display that thepilot would seeis called Flight Plan Information.

FlightPlanInformation \

} If flight information not encoded

press the button to enter data.

Data Entry i

Departure: Dallas/Fort Worth
Destination: Kansas City/International

Waypoints: Oklahoma City
Wichita

I

_,, Lawrence ,

Figure 4.2 Flight Plan Information (MFD)

This display informs the pilot that if he is not using a computer encoded flight plan, then

he could enter the data manually by pressing the Data Entry button which would result in a series

of different menus being displayed. For this mission it is assumed that the flight plan was

encoded and the pertinent information for the flight is shown on the display.

The next display that the pilot would see is called Clearance.

...J

i"
/

/

( Clearance

Awaiting Departure Clearance to:

1st Destination: Kansas CitWInternational

Flight Approved -- Taxi to Runway 27
N

Figure 4.3 Clearance (MFD)
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This display informs thepilot thatclearancefor the flight hasbeenrequestedandthat it
hasbeenapproved. It is assumedthataMode-Sequippedcommunicationssystemwill allow the
ATC andAPT computersto communicamwithout interventionby humansbeingnecessary,The
display alsoinforms thepilot that he hasbeenclea=_dto taxi.

The nextdisplay is a representationof what thepilot would seewhenhe looked through
the HUD. The proposedHUD systemwill be incorporatedinto the windshield. Thedisplay is
calledTaxi.

GS 10

\

Cleared to runway 27

Stop and wait at hold line

-.Cleared for take-off
J

/j-'

Figur 4.4 Taxi (tt'UD)

The Taxi dispiay portrays what the pilot would see while looking through the windshield

of the APT. Flight crucial information is shown on the HUD in consistent locations so the pilot

does not have to search for it. The stoplight alerts the pilot that he needs to stop at the hold

short line. Using the stoplight is an attempt to make navigating the plane on the ground no more

difficult than driving a car.
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The next HLTD display is a representation of what the pilot would see during take-off.

270

GS tO0

Figure 4.5 Take Off (FILED)

The HI.rD portrays a normal takeoff. The hoops show the pilot the direction he needs to

travel. As long as he keeps the circte (A/C) and horizontal bars (wings) in the hoops then he is
on course. As the plane passes through the hoops they get larger.

The next figure displays what the pilot would see during normal cruise flight.

2 I0

T_S 325

7_0 MS

GS 320

Figure 4.6 Flight (HUD)
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Again, this figure shows the flight crucial information that is required by the pilot.

The final phase of the flight is to land the aircraft.

/

t_60
I

Figure 4.7 Landing ('HUE))

The HUD depicts how the outline of the runway would appear during landing. Also, the

elevation is now given ha reference to ground level instead of sea level since this information is

critical during landing.
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Assumingthepilot lands safelyandtaxisto the hangar the next information he would se_
would be the Shutdown MI=D.

System Shutdown in Progress
GQ40_OG.QO._a40

Done

Please Remove the Key
d

Have a Nice Day!
I
I

/
/

J

Fi_u'e 4.9 Shutdown (MFD)

The M}D informs the pilot that the systems are being shutdown.

remove the key.

Atl that is left is to
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4.3.2 Advanced Personal Transport: t_m_genc-_ Situation

The purpose of this section is to present the guidance and display system for the APT in

an emergency situation. One of the prkna_ objectives of the display system is to inform the

pilot what to do, because that is really all he needs to know.

This section assumes the pilot has taken off safely and is in the flight cruise mode.

Figure 4.10 shows what the pilot would see as he was flying along if an emergency
simadon arose.

Figure 4.10 Emergency Fti_ht HUD
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The emergencysituationblock would be outlined in red and so would the hoops during

an emergency situation. This color scheme would remain throughout the flight or until the

emergency situation had ceased. Notice that the pilot does not know what the emergency
situation is yet, but atl he has to do is look at the MFD and t_his is what he would see.

EmePgencySnualm

I Left Wing Fuel Boost Pump Failure 1

Follow Directions on the Screen:

1). Turn Right to Heading 080

Figure 4.11 EMSI) # 1

The display shows the pilot what the malfunction is and primarily what he should do

about it. In this scenario, the left wing fuel boost pump has failed. The APT can fly on only

one boost pump because the engine driven pumps can increase their output to compensate for the

loss. However, the loss of the left pump could be due to some type of material getting in the

pump, and it is bett_r to land the plane safely than to let another pump be damaged by the same

material. The computer has determined where the nearest airport is and is instructing the pilot

to mm to a desired heading. The pilot only has to read and follow the instructions provided.
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Figure 4.12displayswhat thepilot would seeon the HUD corresponding to the message
on the MFD.

325
740 MSL

f

/EmergencySituation

Figure 4.12 Emergency Turn (I-IUD)

The hoops show the pilot where he needs to turn, and the arrow will be displayed until

the desired heading of 080 degrees has been achieved. Again, the hoops would be red as would

the emergency situation flag throughout the entire emergency situation.
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Figure 4.13 is the next MFD that would be displayedto the pilot during the emergency
situation.

EmergencySituation

I Left Wing Fuel Boost Pump Failure 1

2) Continue Flying the Plane

Diverting to the nearest airport

-- Salina/Municipal
-- ETE 20 minutes

Left Wing Boost Pump Shutdown

Figure 4.13 EMFD #2

This MFD tells the pilot to remain calm. In many emergencies, fatalities could be

avoided if the pilot would just continue flying the plane instead of worrying about doing so many

other things. The sophistication of the APT should eliminate this problem since the computer

manages a large share of the tasks normally performed by the pilot. Figure 4.13 also tells the

pilot what is happening and what has been done with the faulty pump.
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The following HUD figure representswhat thepilot would seeduring thelandingphase
of the emergency situation. It is basically the same as a normal landing except that the hoops

would be red as would the emergency situation flag.

_ _tmtm

/

T_S IO0

GS 9

GL

Figure 4.14 Emergency Landing (HUD)

At the same time as Figure 4.14 is on the windscreen the following figure is on the MFD.

/f EmergencySituation

Left Wing Fuel Boost Pump Failure

\,

\

3). Land as normal

4). Taxi to Moore's Midway Aviation

The boost pump has been marked
for maintenance.

Figure 4.15 EMFD #3
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Figure 4.15 teUsthe pilot to land as normal and where to taxi since it is likely he has

never been to this airport before. The display also informs the pilot that the boost pump has been

marked for maintenance. The maintenance personnel can plug into the computer and access the

maintainablity data, thus increasing their efficiency in correcting the problem since it is already

known what caused the emergency.

The final display that the pilot would see after taxing to the appropriate hangar is the

System Shutdown MFD shown in Figure 4.9.

4.3.3 Multifunction Display Interaction

The purpose of this section is to present the Multi- Function Display (MFD) as it would

be used by the pilot during a typical mission. In most instances the pilot will not have to worry

about the _. However, in case of emergency, or even curiosity, the basics of the M_FD are

explained.

The MFD is a multi-color, touch sensitive Liquid Crystal Display (LCD) through which

the pilot acceses pertinent information on the many systems in the APT.

The program menu in Figure 4.16 provides the pilot with an easy method to access

information and control certain systems.

ProgramMenu -'"/' \

i Preflig ht

Airport Information [I
¢-

" Fuel System

i Environment _

Figure 4.16 Pro_am Menu
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Assumingthepilot pressesthethepreflight button,thefirst displayhewould seeis shown
in Figure 4.17

Preflight

Weight & Balance :

Current C.G. location is

Acceptable !

!

0

If C.G. location is unacceptable then follow

'_, instructions on display. _it f Co.ti.u_

Figure 4.17 Weight and Balance

Figure 4.17 informs the pilot whether or not the currennt loading condition is acceptable

in terms of center of gravity location. Load sensors on the landing gear could be used to

determine the aircraft C.G. If the plane is loaded such that there is an unacceptable C.G. location

then the computer will tell the pilot via the MFD what should be done to correct the situation.

The exit and continue buttons allow the pilot to continue with preflight operations or return to

the main menu shown in Figure 4.16.
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If thepilot pressesthe continuebutton the following display appears.

I °am

If you are not using an encoded flight plan:

press me ctata entry button to enter me

information about your fight. If you

are using an encoded flight plan press corrdnue.

J

Figure 4.18 Flight Plah

The flight plan MFD tells the pilot that he is not using an encoded flight plan then he can

enter the destination manually. The APT already knows where it is based on data from the last

flight. This is the capability that was discussed in the mission scenario where it was assumed

that the flight plan was encoded. In this section it is assumed that the flight plan is not encoded

and a description is given of the process.

If the Data Entry button is pressed then the Flight Plan Data Entry dispaly appears.

FlightPlanDataEntry
1st Destination:

3 Letter

/ Iderrl_er

I

J
Figure 4.19 Flight Plan Data Entry
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This display gives the pilot the option of entering the three letter identifier for the first
destinationor doing a search. If the pilot knows the three letter identifier he would push that
button. Figure4.20 displaystheMFD that thepilot would seeif 3 Letter Identifier buttonwere
pressed.

3 Letter iden'dfler
1st Destin_on:

Please enter the three letter inderYdfier

for the 1st destination airport:

e

' s

J

Figure 4.20 3 Letter Identifier

The pilot can use the up, down, and enter buttons to enter the appropriate identifier for

the first destination. Pressing exit returns one to Figure 4.19 in case the three letter identifier is

forgotten. Pressing continue causes the next display to appear.

FlightPlan

Selected Flight Plan Information:

1st Destination: Kansas City/International

2nd Destination:

\

The computer automatically determiae_ the waypoia_, for the

flight. However, if yon would like to enter specific waypoints

push the WP button. ['_

¢

Ftetum to Program Menu 'Continue

Figure 4.21 Flight Plan
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This display informs the pilot what thecomputerassignsasthe fir
st destinationso this canbe verified with what the pilot desiredto be the first dcslinafion. If
thereis anerror thepilot canpresscontinue. Continuctakesthepilot to Figure4.18.so that data

can be reentered or to input data for a sccond destination. In addition, the waypoim button

a]1ows the pilot see what thc computer selected as waypoints for the flight. The Waypoim
can be seen in Figure 4.22.

Wa oints

Flight from Dallas to Kansas City International:

Waypoints: Oklahoma City
Wichita

Lawrence

To change the Waypoints, use the search command

/
./

J
J

Figure 4.22 Wavpoints MFD

As the display points out the pilot can change the way'points as desired. This feature is

not covered, but could easily be incorporated in the f'mal design. Pressing exit returns the pilot

to Figure 4.21 and from there he could return to the Program Menu shown in Figure 4.16.
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The method for cnr=r dam using the search command is essentially the same as the 3

Letter Identifier method just covered, however, a few words of explanation arc r_quircd.

Assuming the pilot is looking at Hgurc 4.19 and presses the Search button this is what would

be displayed. -- .

FlightPlanSearch

1st Destination:

1st Destination:

Missouri
State:

State:
Missouri

City/Airport:

Depress

\Enter when both are complete

Kansas City/International

/
Ioo nue jJ-J

Figure 4,23 Fright Plan Search
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This display allows thepilot to enterthedestinationairport usingasearchprocedurethat
would startat thestatelevel. Assumingthedestinationairport is in Missouri thepilot would use
theup anddownkeys to scroll throughthestatesuntil Missouri appearedon thestateline. This
searchcommandcould be extendedto an international level but for now it is assumedto be
strictly U.S. capable.After Missouri hasbeenselectedthepilot would thenusetheup anddown
buttonsto selectthe destinationCity/Airport. This function is extremelyvital sincemany cides

have more than one airport. When both state and airport are correct the pilot presses the enter

button and the information is processed. If the pilot pressed continue, Figure 4.21 would appear

and the same options described previously for that figure would be available. Pressing the Range

Capability button causes the following display to appear.

Rang• e Information

Figure 4.24 Range Information

As explained on the display, the circle shows the available range of the APT from the

destination airport based on the amount of fuel onboard. If the chosen destination exceeds this

range the pilot will be required to reenter it. More than likely the pilot would look at Figure 4.24

before entering the destination just to make sure there is adequate range.

Assuming the pilot presses the exit button on the Range Information display and the

continue button on the Flight Plan Search display, he will now see Figure 4.21. From here the

Remm to Program Menu is pressed and the Preflight Menu appears.
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Pressing the Airport Information button causes the following information to appear.

- Air ort Information
Nearest Waypoint Information:

Altimeter:. 29.90 ATIS:

Approach: 118.0 Departure:

Tower:. 118.3 Ground:

VOR: 115.3

Destination Information:

28.70
Altimeter:. ATIS:

Approach: 116.0 Departure:

Tower:. 117.1 Ground:

W...OR: 114.5

119.2

R/W 36 ira use

119,0

121.9

ll9.9

R/W 34 in use

116.5

t21.3

/
//

j-/

Figure 4.25 Aimort Information

This display is a listing of the current information on the nearest waypoint and destination
airport. The way'point information changes automatically as the nearest way'point changes and
the destination information changes after departure from the destination. This type of information
is useful when the pilot needs to communicate with someone. In the case of an emergency in
which the the capabilities of the APT to manage the situation are diminished, it essential for the
pilot to be able to perform these functions.
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Pressing Exit returns the pilot to the the Program Menu.

button is pressed the following information is displayed.

FuelSystem

Assuming the Fuel System

Amount of Fuel Required:

Amount ofFuel Remaining:

1000 lbs

1200 lbs

Left Fuel Tank:

88 %

Figure 4.26 Fuel System

The display informs the pilot how much fuel is required for the mission and the amount

of fuel remaining. In addition, the display presents the percentage of fuel in relation to maximum

left in each tank. The pilot does not need to worry about units, but ordy how much is left

compared to how much the tanks are capable of holding. Pressing exit returns the pilot to the
Program Menu display.
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ff theEnvironmentbutton is pushedthefollowing information will appear on the MFD.

EnvironmentalSystems __

Current Cabin Temperature:

Ambient Temperature:

72 (F)

40 (V)

\

I" Heat/Cooling

"Oxygen

Figure 4.27 Enviormental Systems

The informatin on the Environmental Systems display lets the pilot immediately see the

temperature for the cabin and ambient temperature. Pressing the Heat/Cooling button causes the
following display to appear.

,.-ti Heating/CoolingControl _
/ \

/ \

Temperature Control Bar

6O 72

H n
Down Up

"Exit (

85

Return to Environment Menu

/

Figure 4.28 Heat/Cooling Control
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The up and down buttons can bc used to manually controlthe cabin temperature. The

currenttemperatureisalsoshown. Assuming Figure 4.27 isdisplayedon the MFD, pressing the

oxygen button resultsin Figure 4.29 appearing.

en stemInformation

Status: 72%

I00%

50%

0%

\\.

Mark for Maintenance

Exit Return to Environment Menu //
r

Figure 4.29 Oxygen System

The purpose of this display is to not only show the status of the oxygen system onboard

the AFT, but, to also show how a system can be marked for maintenance by pressing a button

on the MFD. If the Exit button is pressed the pilot is returned to the Program Menu.

If the Systems button is pressed the following display appears.

/"'- Systems

Powerplant

Ice Protection

Figure 4.30 Systems
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The systemsdisplay could bc augmentedwith many more systems,however, thereare
only two for demonstrationpurposes. Pressingthe Powerplant button causesFigure 4.31 to
appear.

Left Engine Right Engine

Fuel Flow

Torque

Percent RPM

I Oil Pressure

Oll Temperature

... (_it I"

78%

pi,._//5/-//5//7/- t I P ;//./;.- 7.--;/;i;/_';.-d ] I

Return to Systems Menu
.f

i

Hgure 4.31 Powerplant

The important parameters of the engine are displayed in a manner which is easy to read

and understand. There are no units just percentages of maximum for each parameter. This

reduces the time required for the pilot to correlate the data.
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If the Return to Systems Menu is pressed Figure 4.30 is displayed. Pressing the Ice

Protection button causes the following information to appear.

Ice-Protection
Engine Inlet

>

> Left Wing De/Ice _

Increase

Decrease

"Exit

Right Wing De/Ice
.J

Windshield J

Vertical Fin De/Ice )
/

Horizontal Tail De/Ice _J
Ice-Protection is Automatic,

Impulse

Frequency
Control

75%

J

\
\ ._you want to turn a systemon/off press the button.

/

.//

Figure 4.32 Ice Protection

The ice protection system is automatic, however, the pilot can press the buttons to turn

a system on or off depending on circumstances. In addition, the Impulse Frequency control

adjusts how many times the Electro-Impulse Coils are energized in a given time period. These

type of options enable the pilot to have some sort of control over the systems on the APT.
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5. DESIGN, CONSTRUCTION AND TESTING OF AN IRON BIRD

Current methods of achieving automatic roll control in general aviation aircraft involve the

use of large aileron actuator devices or heavy mechanical systems. Such mechanical or electro-

mechanical actuators are generally heavy, consume considerable amounts of power and are

{elativety expensive. Push-rod and cable systems are heavy, penetrate structural members and are

difficult to inspect and maintenance. This chapter will outline the procedures that were used to

evaluate the performance of small, lightweight servoactuators. These servoactuators would drive

servotabs on control surfaces to achieve flight control.

5.1. OVERVIEW OF SERVQTAB ACTUATION CONCEPT

For an advanced general aviation aircraft, it may be desirable to employ a multitude of low-

cost, efficient, light weight servoactuators for roll control instead of heavy mechanical systems.

Such servos would be used to drive separate servotabs on the ailerons as shown below.

Fuselage

Figure 5.1: Scrvotab-Aileron-Wing Arrangement

It is the purpose of this investigation to determine the feasibility of using these light-weight

servoactuators in this capacity through testing on an iron-bird model.

5.1.1 Goals of Iron Bird Desi_. Construction and Testin_

This investigation will be composed of several stages of analysis and development. The

first analysis stage is to accurately model the forces and moments that are involved with the

motions of the aileron and servotab. Forces and moments arising from both steady and unsteady

aerodynamic and structural forces will be taken into account. Upon determining the magnitude and

nature of forces involved, the equations will be assembled in matrix form as functions of aileron

and servotab deflections, their velocities and accelerations.

Using the force and moment models, a configurauon for the hardware of the proof-of-

concept/iron-bird model will be selected. The forces and moments determined from the

aerodynamic analysis will be simulated by a set of springs. Conclusions on the feasibility of such a

system will be drawn from all aspects of this investigation including weight, power consumption,

frequency response, maintainability, and reliability.
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5.1.2 Instrumentation. Testing and Manpower Schedule

The testing of the iron bird will involve the use of several sensors, a data acquisition network

and driving network. The initial phase of Iron Bird instrumentation and testing is underway. More

than 38 hours of testing has shown no failures or performance degradation in the servoactuator

system. This Phase 1 testing was consmacted as a preliminary test set-up as the automatic test

network that was planned is still under development. Phase 2 testing will involve the automatic

testing of the Iron Bird which is monitored by a 286 based microprocessor. Phase 2 testing will

actuate the servotab at scheduled rates, under various flight conditions automatically (without the

presence of a monitoring technician).

IDigLatc h-- A  log
I ConveI'tor

Driving Branch

' _,"Z_m-_ ILatch_-_Digital t
' _ IC°nvermr I

Sensing Branch Servotab

Controlling Driver

and Recorder

Position Transducers

Figure 5.2 lr0n Bird Driving and Data Acquisition Network

Testing of the controlling network and software will take place prior to the data acquisition

network and software calibration. Upon completion of the calibration procedures, endurance runs

will be performed over a span of weeks. Since one of the purposes is to determine the reliability of

the system, it will be tested continuously during the endurance runs at all deflection amplitudes

typical of each flight condition. The test and project schedule is shown below and includes

completed activities (¢) and the number and type of students that have been assigned to each task.

T_bl_. 5.1 Ir0n Bird Schedule of Activitie_

Activity 9_ 990 12 1 2 3 419_16 7 8 9 Manpower

Literature Search

Derivation of Aileron and Scrvotab Equations of Motion

Selection of Iron Bird Configuration

Construction of Iron Bird and Force Simulation System

Design & Construction of Phase 1 Data Acquisition Network
Design & Construction of Phase 1 Driving Network

Calibration and Testing of Phase 1 Networks

Endurance and Performance Test Runs using Phase 1 System

Data Reduction from Phase 1 Testing

Design & Construction of Phase 2 Data Acquisition Network

Design & Construction of Phase 2 Data Driving Network

Calibration and Testing of Phase 2 Networks

Endurance and Performance Test Runs using Phase 2 System

Data Reduction from Phase 2 Testing

Author Final Report for Ae 622

m ,/

m/
m

m

_J

d

J
m j

m ,/
m

m

m

m

m

m

2AE, lEE

2AE

2AE. lEE

IAE

1AE
1AE

1AE

1AE

IAE

4EE

4EE

4EE

1AIE, 4EE

1AIE, 4EE

l AlE. 4EE
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The manpower that has been devoted to this project has been far less than required for

completely successful conclusion of the above tasks within the required time. This is highlighted

by the inability of the EE team to complete an automatic test system (Phase 2 data acquisition and

driving network). In its place, a test system that requires a technician for operation was constructed

(Phase 1 data acquisition and driving network). The Phase 1 test system successfully gathered the

38 hours of test data that is currently available.

The testing of the iron bird should provide a valuableset of data to the aerospace industry. If

successful, this investigation will demonstrate a less expensive, more reliable, light-weight low

power actuator system for use in general aviation aircraft.

5.2. SUMMARY OF IRON BIRD FORCE MODELING

There are four sources of forces and moments that act on the aileron and the servotab:

aerodynamics, mass, structural and actuator. Their characteristics are outlined below and

determined by using the procedures outlined in Ref.'s 5.1 and 5.2.

Several variables should be taken into account when determining the forces that affect the

aerodynamic moments that act on the aileron and servotab.

a. deflections of aileron and servotab

b. wing angle of attack

c. unsteady aerodynamic damping during rapid deflections

Mass and moments of inertia, friction and effective or actual spring forces and moments are

generated and included in the model, as follows:

a. mass-moment of inertia

b. structural damping: bearing/support friction, Coulomb damping

c. spring forcing: flexible members, actual springs included in system

d. motion limiting at the stops of the aileron and the servotab

Actuators that drive the aileron and/or the servotab can generate static and/or dynamic forces

that are position, force or rate dependent.

The sign convention that a positive rolling moment is generated by a positive aileron deflection

will be used. A schematic of the right wing, aileron and servotab is shown below.

h a

Figure 5.3: Sign Conventions of Aileron and Servotab

By considering the mass, moment of inertia, damping, spring rate and external forces, a matrix

equation can be assembled as follows:

+ LCJ/,5/+[K]{S}=IF] (eq. 5.1)

Expanding equation 5.1 details the components of each term.
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(eq.5.2)

+

" 8a " 8t

HMaactuator+ qSg4Claao+ Cha_w_w) + Io,q

HMatctuator + qStc4C_° + C_ctw0tW)- I<xQ

5.3 AILERON/SERVOTAB SYSTEM DESIGN

This section will outline the characteristics of the servotab driven aileron that will be used on

the APT. This section will outline the procedures that were used to size the deflections required as

a function of flight condition. The various modes of possible failure are also outlined as well as the

systems designed to counter such failures along with a reliability and maintainability analysis. The

flight hardware will be designed as well as the electronics that are required to be in each actuator

for sensing and countering the various failures. Finally, a comparison of this system will be made

to the systems that are used on conventional aircraft in terms of weight, internal volume, power,

dynamic response, and reliability and maintainability. This section should provide the general

overview of system viability and will be supported by the test data in the chapters to follow. The

procedures used to obtain these results are detailed in Ref. 5.1.

5,3.1 Aileron/Servotab Sizing

The sizing of the aileron and servotab is an iterative process, the procedure that was followed

was to start with the geometric constraints that are given by the rear spar, the flap, and the outline

of the wing. Then, using the procedures outlined in Ref. 5.2, the rolling moments that were

required to meet Level I and Level 1I flying qualities were determined. The deflections of the

servotab corresponding to these rolling moments were determined. If the deflections were beyond

+_30°, then a recommendation would be made to enlarge the aileron so as to enhance the

effectiveness of the aileron, and provide more roll control.Since both the aileron and servotab

deflections required for Level I and Level II flight are less than +30 ° of deflection, another iteration

in the design process is not needed. Accordingly, the flaps and rear spar do not need to be moved

to accommodate a larger aileron. This is shown in Table 5.2 and taken from Ref. 5.1.

Take-Off and Landing

Table 5.2 Rec uired Ailcr0n and Serv0tab Deflections

Level I, 8a

+19.7 °

Level I, 8t

+_23.8 °

Level 11, 8a

+9.85 °

Level II, 8t

+11.9 °

Climb and Descent +8.70 ° +10.8 ° +4.35 +5.42 °

Cruise +4.79 ° +7.96 ° +2.40 ° +3.98 °

5.3.2 Servotab Flight Hardware Considerations

Many different considerations were taken into account during the design of the flight

hardware. Among these considerations were maintainability, reliability, cost, failure modes and
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systemsfor counteringfailures,weight,internalvolumeandfrequencyresponse.Figure5.4
detailsthearrangementof theservoactuatorfailureprotectionsystems.

1.Straingagedgearstaging
deckfor loadingverification

2. Mechanicalmicroswitches
within servoatmechanicallimits

3. Thermistoronmotorfor cut-off

roundresettablelow amperagefuse

Fimme 5,4 Servotab Actuator Arrangement within Aileron

The four system protections should provide protection for the aircraft so that the proper failure

rates can be met. Again, there is very little data on the reliabilities of each subsystem because only

38 hours of testing has been documented on the Iron Bird. It should be noted that all 38 hours have

been free of failure of any of the servoactuator, linkages, internal electronics and the servoactuator

performance has not been degraded from the original performance. At this point, the reader is

asked to refer to Chapter 5 of the APT Maintenance and Repairability Report under the Reliability

Analysis of Servotab System and the Maintainability of Servotab Actuation System for further

information on the considerations that governed the design of the aileron and servotab.

5.3.3 Design of Servotab Flight Hardware

The hardware that was designed for the aileron section uses Kraft Systems KPS-24

servoactuators. Figure 5.5 shows the KPS-24 servoactuators as they are integrated into the aileron

at the root and tip. Note that the push-rod is on the pressure surface so that the upper surface flow

will not be disturbed, ff it were on the upper surface, then the laminar flow properties would be

altered along with the possible triggering of trailing-edge stall. Reference 5.1 contains more

information on the integration of the servoactuators into the aileron and servotabs of the APT.

For the integration of the servoactuators into the aileron structure, the hinge moment that each

servoactuator was determined and the corresponding chordwise section of aileron was determined,

with a safety factor of 2. This procedure was laid out in Ref. 5.1 and it was found that a 10"

section of aileron is the maximum span that can be driven by a single actuator.
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aileron section at root q = 0.76
o

mounting plate

uranium counterbalance

push-rod

aileron section at tip q = 1.0

mounting plate push-rod

Fimare 5.5: Arrangement of the KP$,24 $¢rv9 in the Aileron Str_ctur_ (full scale')

The actuators towards the tip will drive still smaller loads (approximately 63% of the load at

the root). These are the _ state loads and do not take into account any of the complex

aerodynamic phenomena that occur at the tip. The tip vortices and more unsteady flow will

cyclically load the servoactuators more than those at the root. Accordingly, they should carry less

static loading. Figure 3.8 shows the integration of the servoactuators into a single aileron surface

along with the access panels and linkages.

This concludes the design of the flight hardware for the aileron, servotab and actuation

system. Still more detailed design is needed for production and is clearly beyond the scope of this

investigation. For more information, the reader is asked to refer to Reference 5.1.

5.3.4 Comparison of Servotab System to Conventional Flight Control System

Table 5.2 summarizes the characteristics of the conventional flight control system using

conventional servoactuators and the flight control system used on the APT which uses KPS-24

servoactuators. The data for Table 5.3 was obtained from Ref. 5.1.
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Table 5.3 Comparison of Servoactuators .and Hight Control Systems

Flight Control S{,,siem Weights '

Flight Control Internal Volume Required

Conventional Flight

Control System (King

Radio KSA 470)

263 lb

7.5 ft 3

APT Flight Control

System (Kraft Systems

KPS-24)

66.3 lb

0.30 ft 3

Cruise Power Consumption
,

Servoactuator Unloaded Break Frequencies
| lib l llll l

Servoacmator Mean Time Be_een F_ure
ii J , ,l

Annual M_tenance Time for Servoacmators..... i

.... i

Acquisition Cost fo r Lateral Control S/ste m _

Annual Maintenance and Replacement Costs

48 Watm

19.5 Ra_s

1500 Hours

5.5 hours

$I650

$1279

12.8 Watts

10.2 Rad/s

1200- i 400 hours

2.3 hours (est.)

$19.00

5;1405

Table 5.3 shows the comparison of the _o servoacmator systems. Comparable acquisition

costs, dynamic response and maintenance _es _e ove_hadowed by the drastic reduction in

control system weight, power consumption and internal volume required. Overall, the flight

control system of the _ which uses the _S-24 servoact_tors will _ow for significant gains

over a conventional flight control system.

5.4. DESIGN, CONSTRIJ_ON _ _ST_Q OF _E mON BIRD TEST APPARATUS

5.4.1 Sorin_-Forcine System

The procedures used to arrive at the spring-forcing system configuration are det_ed in Ref. 1.

Figure 5.6 shows _e sp_g network mounted to the side of the Nleron

ORi" t,_,_,__=I.... PAGE

COLOR PHOIOGRAPH

5O



ii! _!ii_i_! !iil iliiiii _iiii _!iii_i!iiiiiii'iiii_i_i!_i_
ii!iiiiiii jii i ii iiii/il iliii̧̧ • ........•

_i_i_ii_i_ 7i_i_ _ !i i;i_i!ii!i!!)il;!i!i i) _iiii!iii _i_

The full-scale figure in Appendix D of Ref. 5.1 shows the location and orientation of the

rotary spring and linkages in greater detail.

5.4,2 Servoactuator System

The KPS-24 servoacmator that was integrated into the structure of the Iron Bird and was

cormected to the core with a 0.032 in. mounting plate. The push rod that drove the servotab

penetrated the upper surface and was attached to a short horn on the upper surface. This

arrangement was pm_y made so that _e actuator, linkage and supports could be observed

constantly during the test process. If a failure were to occur in the _nkage and it were not visible to

the technician, then the results might go unnoticed for some me. This linkage along with the

mirror that was used for deflection measurement wi_ a laser and _e ro_ spring are shown in

Figure 5.7. ...........

_BkdA axau h win M chani alT t t m

5.4.3 Electronic Test Equipment

This equipment was designed and constructed with the goal of obtaining a usable test network

that could drive the servoactuator and record the voltage history of the signals within the

servoactuator itself. This is detailed in Ref. 5.1. The test network provided several different types

of signals that corresponded to varying amplitudes of

The driver network utilized a TL555 timer chip integrated into an astable circuit. To use this

chip in the network as designed, the amplitudes and frequencies that are desired must be known.

Mr. Dan Rogers of King Radio Corporation was asked to provide typical amplitudes and

frequencies for aileron deflections under various flight conditions for a typical general aviation

aircraft like the APT. Mr. Rogers provided data that corresponded to the Beech C-12F (King Air)

that was modified by King Radio sponsored under a U.S. Army program. Table 5.4 delivers these

frequencies and amplitudes.

COLOR PHOiC, GNAPbt
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I
Table 5.4 Lateral Surface Defl¢¢ti0n_ as a Function of Flight Condition

Flight Condiiion Deflection Amplitude Characteristic Frequencies

Take:off and Landing +85% max 1.5, 2.0 Hz

Climb and Descent +_30% max 0.5, 1.5 Hz

Cruise _+10% max 0.1, 1.5 Hz

It should be noted that there are two typical frequencies superimposed upon each other. The

f'trst frequency is due to deflections charac_ristic of the human pilot. These deflections are in

response to maneuvers or gusts. The second frequency is that generated by the flight control

system which constantly works to overcome the effects of gust perturbations. Both of these

frequencies and the maximum amplitudes must be simulated by the driver network.

5.4.4 Test Procedures for Simulation of _ght Conditions

Several stages of p_paration we_ conducted prior to the actual test runs. These stages

included set-up of the meas_ng app__, positioning of the laser and connection of the
servoacmators to _e driver network.

Figure 5.8 shows _il of the equipment that w_ u_d to drive the Iron Bird and record the

voltage traces. _e equipment on the le_ are the power supply and signal generator. The

Metrologic Hard-Seal Helix-Neon l_r (0.50 mW) is positioned on the tripod and is pointing at

the deflation me_u_ment _or. _is m_or is rigidly connected to the shaft of the servotab and

moves the be_ up and down on a recording sheet which is used for calibration.

Figur_ 5.8 Laboratory_ Test Set-Up

COLOA PHOTOGRAPH
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After the test equipment was set-up in the proper position, the calibration of the servotab

deflections was performed. First, a sweep of the maximum range was commanded to the servotab

and can be seen in Figure 4.6 of Ref. 5.1.The maximum rate was commanded by the controller

during this process. This was done by using square wave inputs at 0.10 Hz through the signal

generator. These square wave inputs allowed the servotab position to be held for 10 seconds as its •

position was noted. Following this step, the voltage on the trim potentiometers was adjusted up or

down corresponding to the angle of deflection desired. Fibre 5.9 shows the trace of the laser

beam deflection on the calibration sheet. The deflection commanded by the control system was

checked against this actual deflection and adjustments to the trim potentiometers were made to

compensate for any errors. When the trace was within +_5% of the commanded deflection, the

calibration process was ended. The meas_g board was placed 8 feet away from the mirror and

the accuracy of the system is approximately _+0.05 °. Dispersion in the laser beam (0.17 mrad)

caused the beam diameter to be approximately 0.25" in diameter at the recording board. However,

the accuracy required for the testing was far less than _e accuracy that could be provided by the
laser beam deflection measurements.

Figure _.9 Laser Beam Trace on Measurement Board Due to Servotab Deflection
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The single method that was available for recording deflection history was to use a two channel

recorder. The two channel recorder recorded the amplitude and frequency of the input signal to the

driver TL555 chip on one channel. The other channel was connected to the wiper arm on the

servoactuator feedback potentiometer. This wiper arm channel recorded the transient voltages that

were present in the potentiometer as it swept through its range. These voltages are not directly

proportional to the deflection of the servoactuator. Instead, these voltages are an indication of

failure within the servoactuator as any failure of any component within the servoactuator will show

up as either a dead region or a spike. Since the purpose of this testing is not to obtain the dynamic

response (which has already been obtained), the state of health of the servoactuator can be

determined by analysis of the traces of the data. Appendix G of Ref. 5.1 delivers several sample

traces from "flight" data taken during test runs. Both channels of the Gulton Industries TR-722

Two-Channel recorder were calibrated according to the input voltages that were delivered.

The ultimate goal of the experimental investigation is to test the servoactuator under simulated

flight conditions. These conditions were simulated according to the schedule delivered by Mr.

Rogers and deviated as little as possible. Because of the limitations of the test network that was

devised, the steady frequency (low frequency) osciUations were limited to 0.3 Hz. This is not

thought to pose much of a problem as the higher frequencies were the ones that challenged the

servoactuator, not the low frequencies. From Table 5.4, considering maximum deflections at 30 °,

the deflections are scheduled as shown in Table 5.5.

Table 5.5 Serv0tab Deflections a_ a Function of Flight Conditi0n for Iron Bird Testing

Flight Condition Deflection Amplitude Characteristic Frequencies

Take-off and Landing +-25.5 ° 1.5, 2.0 Hz

Climb and Descent -+9.0 ° 0.5, 1.5 Hz

Cruise +-3.0 ° 0.3, 1.5 Hz

From the mission specifications, the time schedule for each flight is shown in Table 5.6. The

testing was conducted with the operator present at all times. In the future, an automated test

network will be used and is outlined in Chapter 5 of Ref. 5.1.

Flight Condition

Pre-Flight

Take-off

Table 5.6 T¢_t Time for Each Flight Phase

Deflections

+_30.0 ° check twice

Frequencies

n/a

Time

10 minutes

+25.5 ° 1.5, 2.0 Hz 10 minutes

Climb _+9.0 ° 0.5, 1.5 Hz 20 minutes

Cruise +_3.0 ° 0.3, 1.5 Hz 4 hours

Descent _+9.0 ° 0.5, 1.5 Hz 20 minutes

+25.5 ° 1.5, 2.0 Hz 10 minutes

no deflection no deflection 10 minutes

5 Hours 20 Minutes

Landing

Taxi and Post Flight

Total Time for Flight Test
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5.4.5 Test Result_ from $imu.lated Flight_

A total of six simulated flights have been performed at the time of this report's authoring. Each

flight was observed by the technician and the major events and observations are delivered in Table

5.7. One will notice the servoacmator internal temperature. This is from the thermistor that was

placed beside the drive motor and can be seen in Figure 5.4.

Hight

Tab!¢ _.7 Summary of Major T¢_t Re._ults from Flight Testing

Servoactuator Failure(s) or Servoactuator Peak Observations and Remarks

Performance Decrease
, , , ,

1 none measured
, ,,

2 none measured
, , ,

3 , none measured

111 ,ill

5

6
,

, , ,

4 none meas_d

i

none measmd
I IIIIII I [

none measured
, l, , , ,

Internal Tempe ,ra_

158°F
, ,

144°F

, 165OF

152OF

|

, ,, ,,

147°F

all systems worked well

al! systems worked well

2 ° calibration slip at test end,

cause unknown
,

one driver chip (TL555)

failed, 5 minute delay during

replacement (n o effect on actuator)

all systems worked,well

all systems worked well

The servotab is seen during a flight test in Fibre 5.10. This shows all systems functioning

properly. The red glow ne_ the se_omb Nnge is caused by _e laser beam reflecting off of the

mirror which is Nso visible. _e _ages _d rot_ sp_g post _e also in motion.

i_i_iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii_iiii_i_i_i_i_iii_i_i_i_i_i_i_iiiiiii_iiiiiiiiiiiiiiiiiiiiiiii

Figure 5. I 0: Servotab Undergoing Deflections During Hight Test Number 4
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The final testing that was performed on the Iron Bird was a simple frequency response test.

This test was conducted at the conclusion of each flight, after the servoactuator had cooled for 30

minutes. The results of the frequency response tests were nearly identical and are shown in Figure

5.11. This is surprising, considering the different flight conditions and wear on the actuators.

0
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c'_ -4
=-

•_ -6

-i0

-12

-14
o -16

-18
Cx]

-20

100

Servotab Actuation Frequency, f2 (Rad/s)

Figure 5.11: Loaded Frequency Response of Iron Bird

5.5. CONCLUSIONS OF IRON BIRD TESTING

From this investigation, conclusions on three major areas can be drawn.

*From data generated on the fuU-sacle APT flight control system, the KPS-24 servoactuator-

servotab system exhibits drastic reductions in weight (75%reduction), power consumption (73%

reduction) and internal volume (96% reduction) over conventional systems. The reliability,

frequency response, and cost parameters are similar to those found in conventional flight control

systems.

* The Iron Bird which was constructed for this investigation is adequate for evaluating the

performance of the servoactuators under investigation.

* The performance of the Kraft Systems KPS-24 servoactuators has been error free. Through 6

simulated flights and more than 38 hours of testing at temperatures up to 165°F, the servoactuators

have exhibited no failures or performance decrements.
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6. PROPULSION SYSTEM INTEGRATION AND RESIZING

This section will outline the procedures that were used for integrating the propulsion system
into the airframe of the Advanced Personal Transport (APT). For efficiency throughout the flight
envelope, a turboprop powerplant and propeller were selected as the propulsion system of the
APT. This chapter will discuss the major design factors and the integration techniques that were
used to choose the propeller and integrate the Garrett TPE331-15 turboprop engines into the
airframe. Maintainability of the powerplants and drive system, engine installation and removal as
well as ducting and external flow considerations will be addressed. The major conclusions of this
section are that a 5 bladed Hartzell HC-E5N-3L/L8218 propeller was mounted to a Garrett
TPE331-15 in a twin pac config_aration.

6.1 PROPELLER SELECTION AND PERFORMANCE EVALUATION

A survey of several manufacturers was conducted to determine the pool of propeller
candidates that may be used on the APT. Several major propeller manufacturers were contacted for
this candidate propeller search. Ratier-Figeac, McCauley, Hat.ell, and Hamilton-Standard were
contacted. All manufacturers except for Hamilton-Standard responded with propeller data.

6.1.1 Manufacturers Survey of Propellers

Several candidate propellers were selected for consideration. The propellers were generally
used on aircraft of the 8,000 to 12,500 lb MGWTO category. The typical powerplants that were
used with these propellers were of 700 to 1000 shp.

Table 6.1 Summar _ 0f Manufacturers Pro )eller Data
Propeller D B "AF CLi Wt P" N Vmax Aircraft

(in) (lb) (hp) (R.PM) (kts)
McCauley 4HFR34C754 94 4 114 0.419 154 850 2000 317 USAF C12F
Ratier-Figeac 23LF-379 100 3 154 0.533 132 965 1900 405 F/vIA Puca_
Hartzell HC-B3TN- 100 3 118 0.329 152 715 2200 282 Beech C99
T10282-2.5

Hartzell HC-E5N-3L/ 85 5 164 0.583 198 800 1885 420 Piaggio P-180
L8218

From conversations with manufacturers and examination of the propeller data, the superior
propeller for the APT is the Haxtzell HC-E5N-3I_/8218. This 5 bladed propeller was specifically
designed to the type of flight conditions that the APT will operate in. One difficulty with the
propeller is that its small diameter severely limits the amount of shaft power that the propeller can
make use of. A search of considerably larger diameter propellers (greater than 120 in. dia.) was not
conducted because the configuration of the pusher APT. Rotation considerations and empennage
interference concerns of the APT configuration were the primary diameter limiting factors.
Accordingly, the power range of this diameter propeller fell between 700 and 1000 hp as outlined
above. The sizing method that was used to determine the propeller diameter calls upon tip Mach
considerations and power coefficient limitations.

6.1.2 Propeller Resizing Procedure
Due to the larger powerplant (twin pac), the Hartzell HC-E5N-3L/8218 will not be able to

accept all of the power available at its original diameter. In conversations with the manufacturer, it

was determined that changing two of the propeller characteristics will yield the maximum benefit.
The propeller operational speed and diameter could be changed to accept a higher power level. This
change in diameter would not significantly change the performance maps of the propeller until the
propeller grew to more than 120% of its original diameter. It was thought that a greater number of
blades may be one solution to the greater power acceptance, but the sizing criterion of Cp < 0.90
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wouldnotbeaffectedby achangein numberof bladesandthereforewouldnotaffectthe
performanceof thepropellersignificantlyatthedesignconditions.

Thecritical flight conditionfor theAPTwith respectto propulsionsystemperformanceis the
high altitude,highspeedcruise.At 45,000ft, 400kts,mostpropellersandenginesmustbe
tailoredveryprecisely.This flight conditionwill proveto beunacceptablebecauseof tip Mach
numberlimitationsandnoiseconsiderations,but theperformancepredictionprocedureswill be
outlinedastheyaretheprimaryreasonsthattheaircraftperformancespecificationswerereduced.

6.1.2.1 Determination of Hartzell HC-ESN-3L/821 $ operating characteristics
At 400 kts, 45,000 ft, the Hartzell HC-E5N-3L/8218 operates at 1885 RPM with a diameter of

85 in. Accordingly, the helical tip speed is determined to be: Vtip = _/V_ + (TroD) 2 = 972 ft/s.

At 45,000 ft, the speed of sound is 968 ft/s, accordingly, the tip Mach number is 1.01. It
should be noted that this tip speed in reality is low because it does not take into account the induced
velocity. Still, this tip Mach number is a full 10% higher than is traditionally considered the tip
speed Mach limit of 0.90. In conversations with the manufacturer, it was determined that this high
tip Mach number causes noise and power losses. From the configuration of the pusher, the noise
considerations will only be of great importance to the empennage. For the tip-compressibility
power losses, the designers of the HC-E5N-3L/8218 specifically designed the blades to operate in
this range. Accordingly the tips of the HC-E5N-3L/8218 use the most advanced transonic airfoil
cross sections and three dimensional effects are taken into account for precise tailoring of blade
twist. As a result, the manufacturer claims that the tips are lightly loaded and fly at less than 2 °
angle of attack at this flight condition and as a result, the transonic losses are 75 to 90% lower than
a traditionally designed blade.

From conversations with the manufacturer, it was determined that the operational tip Mach
number should not be increased further. This means that the product, nD should be fixed at 222.5
ft-rev/s.

From examination of the propeller performance maps and conversations with the manufacturer,

the limit on Cp. is approximately 0.90. It may be physically possible to operate at higher values of
Cp, but excessave losses will occur. The performance maps of the Hartzell HC-E5N-3L/8218 were
used to further establish this Cp < 0.90 limit. At the design condition, approximately 350 lbf of
thrust is required from the propeller. From section 6.1.2.2 it is seen that 515 hp is available at the
design flight condition Accordingly the required efficiency is calculated:

(Trequtred for flight(100%+ Tbl°ckage + Te°mpressibility - Texhaust)_Vdesig n
Trequired for flight

550SHPav

rl = (350 Ibf(O.99)X676 ft/s) = 0.827

This propeller efficiency is at the limit of the performance map for a Cp of 0.90 which further
validates the requirement that Cp must be less than or equal to 0.90 for this design at the high

speed cruise condition. A change in number of blades to 6 will yield only marginal gains in Cpmax

at a given efficiency. Accordingly, the 5 bladed propeller with a Cpmax 9 f 0.90 will be considered.
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(_.1.2.2 Determination of powcrplant characteristics at altitude
To size the propeller, the amount of power that the engine can produce needs to be determined

at the design condition. Corrections for temperature, 0, and pressure changes, 6, as well as

compressibility due to forward flight speed are taken into account with the following equation:

1 3'

Palt = PS.L._I + _--M2_'i-_/-_l + _-_M 2)

The

h = 45,000 ft humidity = 0.0%
V = 400 kts = 676 ft/s a = 968 ft/s

T = 390.0°R 0 = 0.752

p = 2.139 psia 8 = 0.146

PS.L. = 1645 hp x 2 = 3290 hp

From the above equation, Palt = 0.184PS.L.

following conditions were used to determine the power at altitude:

y = 1.40
M = 0.70

The power at altitude at the design condition without corrections for installation is 606 hp.

From conversations with powerplant expert Dr. Saeed Farokhi, the installation losses for both
configurations in the inlet and exit ducting will be (conservatively) 7%.

The gearing losses from the Soloy twin-pat engine were determined to be approximately 4%
from discussions with the manufacturer. Current versions of the twin-pac operate with slightly
higher losses (4.8%), but Soloy expects this number to drop to less than 3% with improvements.
Accordingly, the 4% gearing loss is considered conservative.

The losses from cabin pressurization and accessory drive were not available in precise
numbers, but from discussions with Soloy on typical high altitude applications in aircraft of this
category, 4% of the power will be lost.

From these estimations, the amount of power that will be available to the propeller is calculated

as follows: SHPav = Pav(100% - Pducting - Pgearing - Paccessory&cabin air)

SHPav = 606 hp(100% - 7% - 4% - 4%) = 515 hp

6.1.2.3 Application of power and propeller requirements to propeller r¢_izing
With a tip speed limitation, the product nD must be held constant, with Cp limited to 0.90 and a

density of 0.0004601 slugs/ft 3, the equation for Cp is used for determination of the new propeller

parameters. Recall that noldDold = nnewDnew = 222.5 rev - fts and accordingly,

Cp- 550SHPav _ 550SHPav = 550SHPav

pn3ewDSnew ,,/noldDold/3r_5 p(noklDold)3D2ew

from this,

Dnew = ,,/ 550SHPav
"V p(noldDold)3Cpdesign

= 7.9 ft = 95 in.

The propeller speed follows: Nnew = 1687 RPM
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6.1.3 Propeller Resizing for Considering New Mission Specifications
From the examination of section 6.1.2, it was decided that the tip Mach number was far

too high at the maximum cruise condition. This high tip Mach number would produce an excessive

amount of noise and structural fatigue on the booms. Another concern to the design team was that
of the ground clearance of the propeller upon rotation.

The design team considered all of the detracting elements of the new propeller diameter and
set the new cruise Mach number and altitude lower than the 400 kts at 45,000 ft of the earlier

design. Accordingly, it was also decided that the propeller should be the original 85" Hartzell HC-
E5N-3L/L8218 and should operate at 1885 RPM. For the determination of the new performance of
the propeller, the procedures used will follow those of sections 6.1.2.1 and 6.1.2.2.

6.1.4 Performance of Powerplants and In_tallcd Propeller
Three corrections of the thrust must be determined for the integration of the propeller. The

first is due to prop tip Mach effects, the second is due to slipstream blockage and the third is to
account for the thrust contribution from the exhaust.

From Figure 7B. 1, of Ref. 6.1, the amount of efficiency or thrust loss due to
compressibility is approximately 20%. From section 6.1.2.1 it was seen that the design of the
propeller reduces this by 75 to 90%. Accordingly, the losses from compressibility are
approximately 2 to 5%. Losses of 3% will be used to account for compressibility.

From Figure 7B.3, of Ref. 6.1, approximately 3% of the thrust will be lost due to the
effects of a scoop inlet.

From manufacturers data on the TPE331-15, Ref. 6.2, approximately 7% additional thrust
can be counted upon at this flight condition from the engine exhaust.

Adding the three contributions above yields a 1% increase in net thrust of the propulsion
system as seen in section 6.1.2.1.

From the Hartzell Performance maps of Ref. 6.3, the propeller efficiency was determined at given
values of Cp and J. The thrust of the propulsive system was then calculated from:

T = 550rlcorrectedSHPav/V

The fuel flow was calculated according to the SFC at given flight conditions. The results of these
calculations are shown in Figures 6.1, 6.2 and 6.3.

The code that was developed for the prediction of the engine performance used all of the
assumptions listed in sections 6.1 with respect to installation losses, gearing losses, tip losses,
altitude, and flight speed. Not included are estimates for off-design conditions that would induce
significantly more fuel flow or cause considerable performance decrements. Among these off-
design flight conditions are high humidity, non-standard atmosphere and performance decrements
caused by engine wear.

The performance of the TPE331-15 is calculated for various flight conditions considered

for the typical mission. The extension of the data to the static thrust range is included so that take-
off roll estimates may be performed. These estimates followed the procedures laid out in Chapter 7
of Ref. 6.1 for the propeller and used the engine data of Ref. 6.3.
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Figure 6.2: Fuel Flow Rates of Both Engines
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6.2 INSTALLATION OF PQWERPLANT$ AND PROPELLER INTO THE APT AIRFRAME

The two Garrett TPE331-15 engines were integrated in the pusher configuration along with a
gearbox joining the engines and combining the powerplants to one shaft. A small shaft extension

was added to the gearbox to allow for better faring of the aft end of the aircraft. From
conversations with Soloy engineers, several integration considerations should be taken into
account.

* Reduce ducting losses to a minimum through gradual bends in short inlet ducts.
* Support both engines in one very rigid support truss to minimize gearing mismatch at the

engine power take-off shaft
* Consider an oil cooler for improved reliability and lower maintenance
* Firewall and fire suppression system
* Consider chip count sensors for prognostics/diagnostics
* Consider integration of torque, RPM and fuel flow instruments into the on-board

computer

Taking all of the above considerations into account as well as accessibility and maintainability,
yields a better picture of the integration scheme as shown in Figures 6.4, 6.5, 6.6 and 6.7.
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Figure (5.4: Rear View of P0werplants and Propeller Installed in the APT Airframe
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Figure 6.5: Rear View of Powerplants and Propeller Installed in the APT Airframe
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7. APT SYSTEM LAYOUTS

The purpose of this chapter is to summarize the results of reference 7.1 chapter 5, in

presenting the components of the fuel and de-icing systems. Other systems such as: landing gear,

pressurization, pneumatic, air conditioning, and avionics were designed during phase 1 and did

not require refinement. These systems can be found in reference 7.2. The fuel and de-icing

system were studied in more detail due to changes in the basic wing planform. In addition, the

initial design choices for the fuel and de-ice system can be found in reference 7.2.

Section 7.1 presents the Electro-Impulse De-Ice, EIDI, system and section 7.2 presents

the revised fuel system.

7.1 ELECTRO-IMPULSE DE-ICING SYSTEM

The purpose of this section is to present the de-icing system for the Advanced Personal

Transport.

An EIDI system was chosen during phase 1 for the following reasons:

* Electro Impulse coils require only about 300 watts

for operation, about 1 percent of that required by
heated wires.

* Electro Impulse coils do not cause delamination in

composites.

* Electro impulse coils are small: Length - 1 in.

Diameter 2 in.

* There is built in redundancy with a coil located

approximately every 20 inches.

The EIDI coils are flat wound copper ribbon wire placed just inside the leading edge of

the wing's skin with a small gap separating skin and coils. The coils are connected by low

resistance, low inductance cables to a high voltage capacitor bank, and energy is discharged

through the coil by a remote signal to a silicon-controlled-rectifier. Discharge of the capacitor

through the coils creates a rapidly forming and collapsing electro-magnetic field. The fields

resulting from current flow in the coils and skin create a repulsive force of several hundred

pounds magnitude, but a duration of only a fraction of a millisecond. The small amplitude high

acceleration movement of the skin acts to shatter, debond and expel the ice (7.3, 236). Two or

three such hits are performed sequentially then the ice is permitted to accumulate until it again

approaches an undesirable thickness.
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Composite(Non-metallic) leadingedgesrequirea doubler,anunalloyedaluminumdisc
slightly larger than the coils, to bebondedto theleadingedgeto provide adequateconductance
for the eddy currents.

7.1.1 APT Ghost View

The purpose of this section is to present the ghost view for the EIDI system in the

Advanced Personal Transport.

Table 7.1 lists the components that make up the de-ice, anti-ice, and de-fog systems.

Table 7.1 Components of the de-ice, anti-ice, and de-fog systems in the APT.

1. Computer

2. Power Distributor

3. From Busbar

4. To Windscreen

5. Inlet

6. Electro-Impulse Coils

Figure 7.1 shows a ghost view of the Advanced Personal Transport with the de-icing,

anti-icing, and de-fogging systems included. As a component of the de-icing system, the

computer receives information from sensors concerning the ambient temperature and humidity.

One of these sensors could be a small wire whose frequency in the airflow is known and when

it is not at that frequency for a given flight condition, icing conditions are present. The wire

could be heated and the frequency rechecked to determine the amount of icing that is collecting

on the plane. Based on these parameters the computer will switch on the de-ice, anti-ice, and

de-fog systems. The computer does this by controlling the power distribution box.

The power distribution box switches power to the de-ice, anti-ice, and de-fog systems.

The switch is located next to the computer and not next to the wing to allow for landing gear

retraction. The power for the coils is supplied by the generator as are most of the aircraft

systems.

Item three is the sensor feedbacks used by the computer. Item four is the de-fog for the

windshield, this is a heated wire placed within the windshield. Item five is the anti-ice heating

element placed on the inlet since ice cannot be allowed to form on the inlet. Notice that at each

spanwise location on the canard, wing, and horizontal tail two EIDI coils are employed. This

was required because the leading edge radius is relatively small and has nearly straight upper and

lower surfaces behind the leading edge.(7.4)

The next logical question for this system is one of fatigue life. A Learfan composite

leading edge with a coil pair at each span station was tested, and after 20,000 impulses no

damage was visible (7.3). An ultrasonic scan also showed no detectable change. In addition,

the tests were performed in a cold box to see the effects of the cold on the bonding agent used

to attach the doubler to the skin. Again, no delamination could be detected. From talks with
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Beechcraft on the Starship 2000, their certhCication process has shown that the composite bonds

are usually the strongest bonds on the entire aircraft. Additional tests were performed by Boeing

and these results can be found in reference 7.3.

7.2 APT FUEL SYSTEM

The purpose of this section is to present the fuel system incorporated into the preliminary

design of the APT. The purpose of the fuel system is to store and distribute the fuel used by the

APT. The fuel system also monitors fuel level and fuel consumption.

7.2.1 Fuel System Functional Diagram

The purpose of this section is to present the fuel system functional diagram. Figure 7.2

on the following page shows the proposed diagram.

The f'fller caps are located at the tip of each wing. From there the fuel goes through

flapper valves into a second wing section. Sumps and vents are located in both sections. The

boost pump, is a submerged, constant speed, centrifugal, D.C. powered pump capable of

delivering up to 2000 lbm/hr of fuel. The boost pumps operate in the 20-60 psi range, and a

failure is registered by the computer when the pressure drops below 3.2 psi. (7.5) From the boost

pump the fuel goes into the manifold and through the check valves. From there it passes through

the f'flters and through two separate lines to the engine driven pumps.

The fuel manifold is located inside the center main tank, in the picture it is pulled outside

the center line for demonstration purposes only. Included in the manifold is the suction feed

valve. In the case of an emergency the suction feed valves allow the engine driven low pressure

fuel pumps to draw fuel from the center tank. During normal operations the valve remains closed

due to fuel pressure within the manifold.

It is hoped that optical type sensors will be used for measuring the fuel level in the fuel

tanks. According to the article USAF Center Solves Communications Avionics Problems with

Fiber Optics, in Aviation Week and Space Technology, "..fiber optics are more reliable, more

versatile, take up less space, and offer real-time analysis capability.., fiber optics will take the

lead over other types of sensors..."(7.6). However, at this time not enough factual information

is available so a capacitance type sensor will be used. This type of sensor is used on the Beech

Starship 2000 and works much the same way as a car battery only now the diodes are used to

measure fluid level instead of storing electrical energy.

7.2.2 APT Fuel System Ghost View

The purpose of this section is to describe the ghost view of the fuel system in the APT.

Before this is done a summary will be given on the status of available fuel volume.

Table 7.2 lists the components of the APT Fuel System.
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Table 7.2 Comlgonents of the Fuel System Ghost View

1. Computer

2. Engines (2)

3. Engine Driven Mechanical Pumps

4. Sumps (4)

5. Vents (4)

6. Sensors (6)

Note: The numbers in Table 7.2 correspond to those in Figure 7.3 on the following page.

Figure 7.3 shows a ghost view of the three surface APT configuration including the fuel

system layout.

The ghost view shows in a macroscopic view what was presented in the fuel system

functional diagram section. However, due to insufficient fuel volume, additional fuel will need

to be stored in the tail boom assembly. This is shown in the ghost view by placing circles in the

tail booms. This fuel can be accessed through flapper valves like those used between the

different fuselage sections.
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8. PRIMARY FLIGHT CONTROL SYSTEM

8.1INTRODUC_ON

The purpose of this chapter is to review the PFCS study found in Reference 8.1.

Simplified block diagrams of the control loops will be presented and explained. The block

diagrams will then be used to examine the dynamics of the airplane. This will be accomplished

with the use of the root locus method. This analysis will be conducted in the s-plane. After this

analysis the study focused on a z-plane analysis and simulation of the system. Finally, some

control concepts are investigated for the control of: climb rate, heading rate, and airspeed.

8.2 PFCS CONTROL LOOPS

The APT utilizes a decoupled flight control system. Decoupled flight controls make the the

response of the airplane a function of only one input variable. This is different from a conventional

control system. A conventional control system will have "side effects" from an input of one

controller. For example, if the pilot pulls back on the stick the airplane will start to climb. At the

same time the airspeed will begin to fall. Thus to compensate, the pilot must simultaneously add

power if he is to maintain the same airspeed. The addition of power is an iterative problem for the

pilot. That is he must make an educated guess (based on experience) of the amount of throttle

required to compensate for the amount of climb that he desires. After some time, the airplane will

respond to the pilot's inputs and reach a new steady state. If this steady state is not the one desired

by the pilot he must make another change (or changes) until it does. The decoupled flight control

system controls each primary motion variable separately. The three motion variables that are

controlled by the pilot are:

• Vertical speed (fi)

• Airspeed (V)

• Heading rate (_g)

Using this system the pilot no longer needs to iterate to find the appropriate throttle

position. This is because the speed is maintained at the desired value by the airspeed control

system. This system has proven to be very easy to fly (Reference 8.2). Making the APT as easy

to fly as possible to fly is one of the primary objectives of this design. This makes this control

concept the natural choice. The purpose of the following sections is to perform a dynamic analysis

of the control loops and make sure that the APT can indeed use this type of control system.

By using the stability derivatives for the APT it was possible to evaluate the dynamic

response of the systems by creating root loci for the various loops employed. The following flight

conditions were evaluated for the dynamic analysis:

Table 8.1: Flight CQnditi0n$ Used for Dynamic Analysis

Flight Condition Mission Segment Speed (kts) Altitude (feet)

1 High Speed Cruise 410 20000

2 Power Approach 90 Sea Level
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Theseflight conditionswerechosento representthetwo extremes at which the APT will be

expected to operate. These two flight conditions represent the largest difference in the stability

behavior of the APT. The high speed cruise is conduced at high dynam)c pressure while the power

approach flight condition represents the lowest levels of dynamic pressure that the airplane will
encounter.

8.2.1 Vertical Speed Control Loop

The basic block diagram for this loop was presented in Reference 8.1. It will be repeated

here for convenience. This block diagram will be useful for describing the dynamic analysis of the

system. For the analysis the full three degree-of-freedom math model was used. This allowed

both the short period and phugoid modes to be checked with more accuracy than would be possible

by using either the short period or phugoid approximations.

Vertical Gyro t

Vertical
Speed t

Figure 8.1: Simplified Block Diagram of Vertical Speed Control Loop

The transfer functions are from Reference 8.3 and 8.5. They are repeated in general form
here for reference.

0
w_

8o

Elevator a

Actuator s + a

K0ses(Tols + 1)(T02s + 1)

2 2 2
(S2+ 2;spOJnsp+ COns_(S + 2;p(Onp+ (On_

t1(S) U 1 a(S____))
0(s) - 57-3(1 " e(s)

(8.1)

(8.2)

(8.3)
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Kese(TelS + 1)(Te2s + 1)
(8.4)

8.2.2 Airspeed Control Loop

This section will discuss the airspeed control loop for the decoupled flight control system.

Figure 8.2 shows the block diagram for the auto-throttle control loop used.

Ac=t°rI I

Figure 8.2: Simplified Block Diam_am for the Airspeed Control Loop

The transfer functions of this loop are as follows:

Throttle a

Actuator s + a

V

(8.5)

AT(s) b

8th(s) s + b
(8.6)

V(s) _ Kuym(Tus + 1)

2

AT(s) (s2 + 2_pC0nP + ¢0nP) (8.7)

These transfer functions are from Reference 8.3 and 8.5. It can be seen from equation 8.7

that the phugoid approximation is used to determine the transfer function of the airspeed control

loop. This is the method used in Reference 8.5 in a similar loop.

The throttle actuator was assumed to be a first order system with a break frequency of 7.5

Hz. The engine transfer function was also assumed to be a first order system but with a break

frequency of 10 Hz. This break frequency is reasonable to use for this airplane since it utilizes a

direct drive turboprop engine Since the engine and propeller are spinning at a constant speed

regardless of power setting increasing power implies that all that has to happen is more fuel be
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addedto theengine.Thelackof anyappreciable"spool-up"timecontributesto thefastresponse
of the engine.

8.2.3 Heading Rate Control Loop

The heading rate control loop is the last loop required to complete the decoupled flight

control system. This differs from "normal" lateral-directional control in that heading rate is

controUed directly. In a typical airplane the pilot actually controls roll rate. To perform a turn the

pilot must first apply aileron in the direction of desired motion. After some period of time the pilot

must apply a control input in the opposite direction of the desired motion. This is done to hold the

airplane in the desired bank angle. The amount of "cross control" and the time at which it is

applied are items which are best determined with the benefit of experience. This is another way in

which a conventional airplane is not suitable for the low time or infrequent pilot. To make matters

worse the actual heading rate that is obtained with a given bank angle is a function of airspeed.

This is due to the following relation:

@= gtanO
U1 (8.8)

It can be seen from the above relation that for a given bank angle the turn rate will increase with a

decrease in speed. This further adds to the confusion in terminal flight phases where speed

changes are not uncommon. This is not acceptable for the people envisioned to fly the APT so the

heading rate control loop of Figure 8.3 is used.

"l r"
 d q ,NJ'g'l l Heron

% [.. .171Actuat°r

I I Ron 1
[ Rate Gyro [

Bank AngleGyro t

Heading [Rate Gyro

Figure 8.3: Simplified Block Diagram for the Heading Rate Control Loop

The transfer functions of this system have the following form:

Aileron a
Actuator - s + a

(8.9)
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• 2
0 K,aas( s2 + 2_,con, + C°n,)

8e (Tss + 1)erRS + 1)(s2 + 2_ffo_+ co20
(8.10)

These transfer functions are from Reference 8.3.

This system will allow the pilot to command a certain mm rate. The control system will

determine what bank angle the airplane should be in at the current speed. This system should be

much more intuitive to the infrequent pilot. Research at NASA (Reference 8.2) has shown the

system to be quite easy and intuitive to fly.

As in the vertical speed loop, the aileron actuator is assumed to be a f'n-st order system with

a break frequency of 10 Hz. The g/u1 term is a result of the geometry expressed in equation 8.8.
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8.3 CONVERSION FROM S-PLANE TO Z-PLANE

This section discusses the technique used to convert the open loop transfer function (s-

plane) of the APT Pusher control system to its equivalent z-plane (discrete) transfer function.

Once the equivalent z-plane transfer function has been calculated, a difference equation can

be derived.

Since digital controllers are frequently used in control systems, it is necessary to

establish equations that relate digital and discrete-time signals. Iust as differential equations

are used to represent systems with analog signals, difference equations are used for systems

with discrete or digital data. Difference equations are also used to approximate differential

equations, since the former are more easily programmed on a digital computer, or are

generally easier to solve. (Reference 8.3.1)

To calculate the difference equation of the APT Pusher control system, several

operations had to be performed. Listed in order they are:

1). separate the transfer function using partial fraction expansion

2). use the cover-up method and/or matrices to solve for the constants

3). determine the equivalent z-plane transfer function

4). simulate the z-plane transfer function using the parallel method

5). determine the difference equations from the parallel diagram

8.3.1 Partial Fraction Expansion

Partial fraction expansion is a helpful tool which can be used to expand the transfer

function into simple, recognizable terms. These terms can be converted to the z-domain

effortless by the use of z-transform tables. To use the partial fraction technique, the open

loop transfer function of the control system has to in factored form. An illustration of this
would be:

K

G(s) = ........................... (eq. 8.3.1)

(s+a)-(s+b)-(s+c)-(s+d)

If any of the roots of the open loop transfer function are complex, they may be combined to

form a second order polynomial. An illustration of this would be:

K

G(s) = .......................
(s+a)-(s+b)-(s2+ds+-e)

(eq. 8.3.2)
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WhereK is the numeratorof the transferfunction. The reasonfor the two different
techniquesfor writing a transferfunction are to eliminatecomplexnumbers. With the partial
fractionexpansionin theproper form, the transferfunction canbeconvertedto thez-domain
by the useof transformtables.

8.3.2 Solving for the Constants of the Partial Fractions

Once the transfer function has been factored into proper form (reference section 8.3.1),

it can be expanded into partial fractions. The following is how a fourth order polynomial

with two complex roots can be expanded into partial fractions:

A1 A2 A3(s) + A4

G(s) = ...... + ...... + ...............
s+a s+b s2 + ds + e

(eq. 8.3.3)

The coefficients can be solved for in two ways. The coefficients over the real roots (A1 and

A2) can be solved for using the cover-up method. The least common denominator will need

to be found to solve for the coefficients over the polynomial term. The actual process to

solve for the constants is not going to be discussed. If further explanation of the technique is

requested, reference the Primary Flight Control System Report. (Reference 8.3.4)

By analyzing the control systems for the APT Pusher, it was concluded that unless the

control system is small in order, the cover-up method is not recommended due to the

truncating error introduced into the coefficients due to rounding. A better technique would

involve f'mding the least common denominator for the partial fraction expansion and then

solve for the coefficients using matrices. With the use of matrices, the error from rounding
can be reduced since more values are used to determine the solution.

8.3.3 Z-Plane Transfer Function

After all the coefficients of the partial fractions have been solved, a z-transform table

can be used to convert the s-plane transfer function into its equivalent z-plane. The first

order polynomial terms can be solved directly by finding their equivalent z-transform.

However, second order polynomials must be converted into the following form:

s+d w

(s+d) "_+ w2 (s+d) 2 + w2
(eq. 8.3.4)

The conversion is done by completing the square on the denominator. Once the desired form

is achieved, its equivalent z-transform can also be read directly from a z-transform table.
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A z-planeroot locus plot was done to validate the calculations required to convert the

s-plane transfer function into its z-plane equivalent. Reference the Primary Flight Control

System Report for the z-plane root locus plots for the speed and longitudinal

controts.(Reference 8.3.4)

8.3.4 Simulating Z-Plane Transfer Functions

With the partial fractions now in the z-domain, deriving the difference equations is the

next step needed in the conversion process. The parallel method was chosen to handle this
task. It was chosen over the direct or cascade method because the mathematical calculations

needed to get the difference equation were easier to convert into an algorithm needed for

computer simulations. (Reference 8.3.1 and 8.3.3) This can be of top concern when significant

figures are important. Refer to the Primary Flight Control System Report, Chapter 3 for an

example of parallel simulation.(Reference 8.3.4) The difference equations for each section

(one polynomial per section) are added together to get the overall difference equation for the

control system.

8.3.5 Difference Equations

There are two basic techniques for solving linear-time-invariant difference equations.

The first method, commonly referred to as the classical approach, consists of finding the

complementary and the particular parts of the solution, in a manner similar to that used in the

classical solution of linear differential equations. (Reference 8.3.2) The second technique,

which is a sequential procedure, is the method used in the digital-computer solution of

difference equations. The second technique was employed for simulating the APT Pusher.
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8.4 DIGITAL CONTROLLER

The purpose of this section is to explain the function and operation of the digital

controller and to present an analysis of the computer simulation study. The basic principles

for the function of the controller will be discussed along with the application and

development of software to analyze the AFT Pusher control system.

8.4.1 Digital Controller Principles

A proportional-plus-integral-plus-derivative (PID) controller was chosen for the design

of the PFCS controller. Figure 8.4.1 shows a block diagram of a PID controller. The

proportional part of the controller increases the low-frequency gain and thus reduces steady-

state errors. The derivative portion of the controller adds positive phase angtes to the open-

loop frequency response and increases the closed-loop response time. This has the effect of

improving system stability and increasing the speed of response. The function of the PID

controller is then to increase stability margins, decrease response time to transients and/or

reduce steady-state errors.

8.4.2 Analog To Digital Transformation

Equation 8.4.1 is the analog version of the PID filter in Figure 8.4.1.

re(t) = Kn,. e(t) + I_. e(t)dt + K d" de(t)/dt (eq. 8.4.1)

Where e(t) is the error input (system input - system output) to the controller and re(t) is the

controller output. The time domain error signal e(t) is a real number which represents the

error of the system. Kn,, IQ, and K d are the gains associated with the branches of the

controller. These are the values which will be determined by computer simulation.

The discrete controller implementation of the integrator is,

n_(k) = T/2[e(k) + e(k-1)] + rrh" (k-l) (eq. 8.4.2)

The (k-l) expression represents a time delay. This delay is equivalent to the sample

time (T) selected for sampling of the output signal. _(k) is a function which represents the

integral branch of the PID controller.

The implementation for the differentiator was chosen to be,

rod(k) = (1/T)[e(k) - e(k- 1)] (eq. 8.4.3)
i

This equation approximates differentiation. The difference equation [e(k) - e(k-1)]

produces the difference between the present error and the error one sample previous. The

sampling period T is the time over which the difference is produced.

85



The proportionalsectionof the PID controller is represented by Kpe(k). This
represents the present error multiplied by a constant.

The discrete controller impIementation of equation 8.4.1 is the summation of the

integral, derivative, and proportional branches shown in Figure 8.4.1. The discrete time

domain equation which represents this controller is,

re(k) - I efk) + + K (k) (eq. 8.4.4)

Fi_lre 8.4.1: PID Controller

8.4.3 Primary Flight Control System Software

The Primary Flight Control System (PFCS) software simulates the flight dynamics of

the APT pusher. The design of the Primary Flight Controller can be achieved in a dmely and

cost effective manner by simulating the response which would occur by using mathematical

models and computer simulation. The flexibility utilizing software analysis allows for the

design (and redesign) of the controller without the costly requirement of constructing a
prototype or physical model.

Software to simulate the Lateral and Speed controls of the APT was developed. The

software for the speed controller was completed and implemented to determine the gains for

the controller. The software for Lateral controller was completed; however, due to time

constraints an analysis was not completed.
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8.4.4 Analysis Of Computer Simulation

Four parameters in equation 8.4.4 need to be determined: T,I_,_, and K d. The gains

were determined by first implementing a proportional-only controller, and varying I_
(proportional gain). A typical step response is given in Figure 8.4.2. The percent overshoot

of 25% shows that proportional only control exhibits poor stability. The steady state error at

T -- 20.00 seconds indicates a poor steady state response. Poor steady state response is

represented by the inability of the output to "catch up" to the input leaving a constant error as

time goes to infinity. This can be improved with the implementation of integral control

Next the integral term was added to the controller, and a typical step response is

illustrated in Figure 8.4.3. Note the reduction of the steady-state error, as expected.

Finally, the derivative term was added to the controller, resulting in a typical response

as shown in Figure 8.4.4. Figures 8.4.3 and 8.4.4 show that derivative control, when used

with the proper gain, can yield transient response performance equivalent to proportional only

control and simultaneously reduce overshoot dramatically.
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8.5. PFCS COMPUTER WITH INPUT/OUTPUT BOARDS

The PFCS computer has been designed to handle 30 inputs and 5 outputs at a

minimum. However, a computer system with greater capability is suggested to facilitate

changes in specifications, redesigns, and any additions.

8.5.1 PFCS Inputs

As referenced, there are a total of 30 inputs into the system. Two inputs (speed

control and stick position) come direcdy from the pilots positioning of the controls. All the

remaining inputs are an indirect response to the pilots choice. The inputs to the computer

from all the actuators (23) correspond to values of the actuators position potentiometer.

These readings are used to verify the response of the actuators in comparison to the position

commanded by PFCS for the BITE testing. The actuator inputs are broken down as follows:

The remaining 5 inputs
aircraft.

* left wing aileron surface 7

* right wing aileron surface 7

* elevator surface 5

* rudders 2

* throttle control 2

coming from the gyros are used to determine the positioning of the

8.5.2 PFCS Outputs

The APT Pusher requirements specify that there will be 5 outputs required from the

PFCS computer for controlling flight control surfaces. All the outputs will be for positioning

the actuators. The electrical design team has preliminarily specified that only one output

would be needed for each control smface of the aircraft. Broken down as follows:

* right wing aileron surface

* left wing aileron surface
* elevator surface

* rudders

The remaining outputs are for throttle control which controls engine speed.

8.5.3 PFCS Computer Design

An IBM 8088 with a 8 MHz crystal was chosen for the Central Processing Unit

(CPU). Any compatible system with equivalent or higher quality and performance can be

used. The design required the use of 3 input/output (I/O) boards to handle the PFCS

immediate needs. Each board haa 8 analog to digital (A/D) inputs and 8 digital outputs.
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Therearemanydifferent typesof I/O boardsthat aremanufactured.The only requirement
specifiedis that the boardbe largeenoughto supportthePFCScomputerneeds. References
8.5.1and8.5.2 arecatalogswith manyI/O board listing with performancespecificationsto
choosefrom. Model ML-16 wasthe choicetakenfor the I/O board.(Reference8.5.1) The
choicewasbasedon threeconsiderations:

1) providedthe necessaryinputs andoutputs

2) compatible with the IBM 8088 CPU

3) economic considerations (cost and availability)

The connection between the CPU and the I/O boards consist of an 8 bit data bus. A

ribbon cable with an 8 pin connector will be used.
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8.6 OPERATIONAL CONSIDERATIONS

The APT uses a very advanced flight control system compared to other general aviation

airplanes. As a result of this the standard input devices of control stick, redder pedals, and throttle

take on new meaning with the decoupled system used in the APT. To illustrate the degree to which

the APT is different, consider that the airplane does not even have rudder pedals. This section will

discuss the way in which the airplane will be controUed. The following will be covered:

• Vertical speed control

• Heading rate control

• Speed control

8.6.1 Vertical Speed Control

Sidestick controllers were chosen for the APT. The proposed method of longitudinal

control of the airplane is illustrated in Figure 8.8.

Increasing vertical speed

\
Stick in position

for no vertical speed

Decreasing vertical speed

v

Front of Airplane

Figure 8.8 Side View of Sidestick Controller

This method would use a control stick that is spring centered to command zero vertical

speed. If the pilot wishes to increase the climb rate of the airplane he would simply pull back on

the stick. This is very similar to a conventional airplane except that the pilot will not have to iterate

the position of the stick to command a given airspeed. This is accomplished through the control

loops discussed previously. If the pilot wishes to command a maximum rate of climb (traffic

evasion for example) all he would have to do is pull the stick back all the way.

8.6.2 Heading Rate Control

The way in which the pilot controls the lateral-directional movements of the airplane are
also different in the APT when compared to a conventional aircraft. The side to side movement of

the control stick controls the rate of turn of the airplane. Figure 8.9 shows the effect of the
controller when viewed from the rear.
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Higher rate of turn to

 eief 
/

Stick in position

for straight and level flight

Higher rate of turn to
the right

Figure 8.9 Rear View of Sidestick Controller

Like the longitudinal control, this control should not present any difficulties to the pilot. It

will reduce the amount of iterations the pilot will have to make to obtain a certain turn rate. He will

be able to move the stick to one position and get a given turn rate independent of speed.

8.6.3 Airspeed Control

This controller is the most different from a conventional airplane. This is because a typical

airplane controls the amount of power that the engine is producing. Using a pure throttle as a

control it is possible to have two different speeds for a given power setting. As a result of this, it

is possible to have full power applied in a conventional airplane and the speed will only be a little

above stall speed. The phenomenon of "being on the back side of the power curve" as just

described is a common cause of general aviation accidents. Using airspeed control will reduce the

number of accidents that occur at low speeds.

Speed control in a airplane such as the APT which has a very large speed range (-70 - 410

knots) poses a problem for the controller. Compounding the problem is the fact that conventional

throttle throws are limited by cockpit space and pilot ergonomics. The combination of a

conventional control and the large speed range results in a control which has a relatively large

"gain." A large gain means that for a given handle travel, the increase in speed commanded is quite

large. This will make it difficult for the pilot to make small changes in the commanded airspeed.

One possible solution to this problem is shown in Figure 8.10. In this method, the pilot

pushes (or pulls) on the speed control handle to increase (or decrease) speed. The commanded

airspeed would be displayed on the HUD display. Once the commanded airspeed reached the

desired level the pilot would release the handle. The handle would then return to the center

position. The center position commands zero increase in speed. Using this method, the speed

control handle is "reset" to a new trim speed after the pilot releases the handle. This method

effectively eliminates the problems that the conventional method has with a large gain. This

method does however bring about a new set of problems. These problems concern the pilot's

response to such a system. It may prove to be unnatural and non-intuitive to use such a system.
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/
Speed Control Quadrant

Figure 8.10 Side View of Airspeed Controller

Another possibility to solve the pilot interface problem, it to use a method that is used in

Soviet fighters such as the Mig-29 and Su-27. These airplanes use a throttle quadrant which in

principle is similar to a conventional throttle. The method that the Soviets use can best be called a

"linear throttle control." This idea is presented in Figure 8.11.

Position for Minimum Speed

"-l.-

J

Position for Maximum Speed

N

Intermediate Power Setting

Figure 8.11: Linear Speed Control Handle

By using this type of pilot interface, it is possible to give the pilot a longer travel to work

with. Longer travel will reduce the "gain" associated with the conventional method. This in turn

should allow the pilot to be able to command small changes in commanded airspeed. Another

benefit of this system is that it may be more intuitive to the pilot than the method described above.

This is because the pilot will have an indication of the speed potential that remains. For example, if

the pilot is fly{ng along with the speed control handle in the 3/4 position he will immediately have
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anideaonhow muchmorespeedispossible.Thiscannot happenwith thepreviousmethodsince
thespeedcontrolhandlewill centerto anewtrim condition.

Thedifficulty with thisapproachis thatthetravelrequiredto Nve thepilot adequate
resolutionmaybemorethancockpitspacewill allow. Also, if very large travel is required it may

not be ergonomically possible to use this type of system.

It is too early to make a firm decision on what type of method should be used to control

airspeed. A much more detailed study of the ergonomic factors as well as pilot in the loop

simulations should be performed to best gain an idea of what type of control should be used.
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9. ELECTRICAL SYSTEM DESIGN CONSIDERATIONS

Reference 1, the phase I report on the electrical system, discussed most of the preliminary

aspects of the APT electrical system. Subjects discussed in detail were load profile analysis,

power bus design, power generation, circuit protection, batteries, and voltage regulators. One of

the main aspects of the electrical system not addressed in that report is the feasibility of

delivering control signals via fiber optic cable versus copper wire. This topic is addressed in this

summary. Reference 2 presents a more detailed analysis.

The purpose of this summary is to provide the key results of the analysis. Feasibility will

be determined by designing wire and fiber control systems for a control surface, namely the left

aileron. Length of wire of fiber and the number of electronic devices required to support each

control scheme will be tallied for that particular control surface. The length and number of

devices will then be tallied for the other control surfaces (right aileron, elevator, rudder, throttle)

based on the totals obtained from the left aileron. This extrapolation is valid due to the similar
nature in which control surfaces are controlled.

Once the electronic devices and length of the wire or fiber have been totalled, the control

schemes will be compared based on the following criteria:

1. Weight

2. Cost

3. Volume

4. Heat.

The parameters will be totalled for all the aforementioned control surfaces using the wire and

fiber control schemes. The parameters will be compared and general conclusions will be drawn

concerning all control signals throughout the plane, such as fuel level signaling, temperature

signaling, etc.

It should also be noted that the control schemes presented in this report are not to be

considered complete designs, i.e. resistors and capacitors required to build filters. Only major

components are shown and tallied for the purpose of obtaining a general idea of the total

parameter values for each control scheme and the feasibility of wire or fiber in general.

9.1 CONTROL SCHEMES

The purpose of this section is to discuss the three types of control schemes considered

in this report. A brief discussion of the parameter contributions to the AFT will be provided.
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9.1.1 Conventional Copper Wire Control Scheme

The numbers obtained for the comparison parameters for the copper wire control

system are as follows:

Weight: 26.28 lbs.

Cost: $330.65

Volume: 364.1 in 3

Heat: 12.5 Watts

About 85% of the total weight of this particular control scheme is made up of copper

wire weight. Electronic components needed to realize this system are made up exclusively of

operational amplifiers (op amps). Op amps are very small devices that are practically

negligible in weight and volume but do contribute all of the heat in this scheme. These

devices are relatively reliable (MTBF approx. 3.3x105 hrs.) for the environment in which the

APT is expected to perform. Also included in these totals are printed circuit boards and chip

sockets for the op amps.

9.1.2 Individual Fiber Control Scheme

The individual fiber control scheme is obtained by replacing each copper wire in the

copper wire control scheme by a plastic fiber. In this scheme we do not utilize the bandwidth

capabilities of fiber optic cable, rather we take advantage of the weight savings of plastic over

copper. The results for the comparison parameters are as follows:

Weight: 21.37 lbs.

Cost: $396.72

Volume: 362.6 in3

Heat: 20.4 Watts

The weight of the plastic fiber makes up only 58% of the weight shown above. The

cable weight savings over the copper wire is 10.5 lbs. However, additional electronic

components are required to realize this scheme. These additional components offset

approximately 50% of the cable weight savings making it less attractive than it would have

been otherwise. The extra components required are light emitting diodes (LED) and photo

detectors (PD). Also required is and extra printed circuit board for a total of two. One is

located in the wing and one near the computer equipment under the cockpit. Since the

weights of the printed circuit boards, LEDs and PDs were not available, they were estimated

conservatively. In reality, it is expected that these devices are lighter than the estimates and

therefore will make the individual fiber system more attractive.
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The fiber cablewas also57% lessexpensivethan the equivalentlengthof copper.
of thecost savingswereeliminatedand surpassedby thecost of the additionalelectronic
devices. In all the individual fiber schemecostsabout20% more thanthe copperwire
control scheme.Theadditional devicesalsoadded63% moreheatto be dissipatedand
displacedaboutthe sameamountof volume.

All

9.1.3 Amplitude Modulation Control Scheme

In this section, the bandwidth capabilities as well as the weight saving advantage are

utilized in an effort to reduce the parameters mentioned at the beginning of this chapter. In

this scheme we use a communication method known as amplitude modulation in an effort to

transmit all control signals for a particular control surface over single fiber simultaneously.

Electronic devices are used to displace the frequency content of feedback signals, transmit,

and then filter them to reconstruct the signals. The totals for this scheme are as follows:

Weight: 19.87 lbs.

Cost: $3262.28

Volume: 189.8 in 3

Heat: 24.6 Watts

The fiber cable contributes only 20% to the total weight of this system. However, the

electronic components required to realize this scheme offset the cable weight savings of this

scheme to a point that makes it only marginally better than the individual fiber scheme. The

percentage savings is about 7%.

The money that must be spent to realize the 7% weight reduction presents a 724%

cost increase. The bulk of this increase is due to the need for crystal oscillators for

modulating the feedback signals. These devices cost approximately $150 apiece greatly

increasing the total cost of employing the control scheme.

Also realized with the amplitude modulation system is a 48% decrease in volume over

the individual fiber scheme and a 20% increase in heat dissipation.

9.2 CONCLUSIONS AND RECOMMENDATIONS

Since the main concern in comparing parameters is weight reduction, it is obvious that

both the amplitude modulation scheme and the individual fiber scheme are advantageous

versus the copper wire scheme. The question now is one of cost. Is the extra 1.5 lbs saved

by the amplitude modulation scheme over the individual fiber scheme worth the extra $2865

needed to realize it? Is the volume savings of the amplitude modulation scheme a significant

part of the decision?
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cable and connections in the vibrating environment of a small airplane. If either of the fiber

optic control schemes are chosen, they will require extensive testing for reliability. This

testing will require manpower and money. Also envisioned is a learning curve to be

overcome when installing the fiber optic cable due to the bending radius requirements.

It is recommended here that aerospace engineers examine the data presented in this.

report and determine if the weight savings proposed by either of the fiber optic control

schemes is worth the money required to make them flight worthy.

9.3 REFERENCES

1. Hoffman, Ron, and Wu, Ted, "Electrical System Design Considerations For The

Advanced Personal Transport", AE 621, Fall 1991.

2. Evans, Darryl and DeMoss, Shane, "Electrical System Report For The Advanced

Personal Transport", AE 622, Spring 1991.
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10. STRUCTURAL DESIGN OF THE APT

This chapter presents the structural design of the Advanced Personal Transport Pusher

Configuration as discussed in Reference 10.13.

Structural members will be sized for the cabin, the pressurized part of the fuselage, and the wing

structure. The structural analysis and member sizing will be based on hand calculations and the

result of a finite structural element program. The smactural layout of the fuselage behind the aft

pressure bulkhead will not be presented.

A preliminary model analysis will be performed by analyzing the natural frequencies for the wing

in bending mode for an empty and a fuel loaded configuration.

10.1 FUSELAGE STRUCTURE

The Material selection for the fuselage skin is, as described in Reference 10.4, Glare 3. The
reasons for this selection are :

- Glare 3 has a lower weight than aluminum

- Glare 3 offers outstanding fatigue properties

- Glare 3 has better 'fracture toughness properties'

Since the APT fuselage is not circular, which is not very favorable for pressure cabins, the last

two mentioned reasons are of great importance.

The structural layout for the APT cabin is shown in Figure 10.1.

The entire fuselage structure could not be used for an finite element calculation because of

program limitations. For this reason the structural design of the APT will be based on a part of

the fuselage as shown in Figure 10.2.

The forces considered in the calculation will be :

pressure force due to pressurized fuselage

[ Pcabi_ = 12 psi ]

pressure force on cabin floor

[ Pnoor = 0.7 psi ]

weight of front part of the fuselage that is not modelled

[ Fy = -760 lb/node, Fz = 84.82*z/node ]

aerodynamic load, assumed to be 33% of fuselage drag at the cruise

(high) condition [ Fa=o = 45.85 lb/node ]

A summary of the forces are given in Figure 10.3. Shear forces at the cross section A-A have

not been included in the model because it was impossible to model shear forces.

The maximum stringer and frame forces, calculated with the finite element method, have values

far under the maximum allowable values. Since the total fuselage model is not considered in the

analysis, good estimation of the effect of the external forces combined with the forces on the
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cabin due to pressurizationarenot found. For this masonthe stringerand frame propertiesas
shownin Figure 10.4will not bechangedto otherdimensions.

The stringer and frameswill not be manufacturedout of Glare.The reasonfor this is that the
bendingradiusof Glare is approximatelythree timesas big asAluminum. With small stringer
and framescrosssectionalareas,the bendingradius of Glarewill lead to unacceptableshapes
of structuralmembersfrom a stiffnesspoint of view.The skin thicknessdistributionfor theAPT
cabin is shownin Figure 10.5.
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10.2 WING STRUCTURE

In this section the structural layout of the APT Pusher wing spar box will be presented.

From Reference 10.2 it is found that GLARE is unacceptable as a structural material for the wing

because of lack of strength. The materials used for the wing structure are :

- A1 7075 for the upper wing skin and stringers

- AL 2024 for the lower wing skin and stringers

- AL 2024 for the ribs and spars.

The ultimate load factor for the APT will be 5.4 from gust loading. The forces considered in the

calculation will be :

- pressure force due to wing lift

- weight of the wing structure

Not included in forces on the wing in this stage of wing structure design will be :

- Fuel weight

- Weight of mechanic devices, wires, electronic equipment and other

equipment in the wing

- Forces introduced due to the horizontal tail transmitted by the
tailbooms

The forces on the wing have been modelled as shown in Figure 10.6.

Figure 10.7 shows the Images3D wing spar box input.

From the structural analysis it is found that the forces through the beam members close to the

wing root were much too high to prevent the upper wing structure from buckling. Some

modification had to be made to the wing structure:

- the stringer size will be increased relatively more for stringer located in the aft swept part of

the wing as for the forward swept wing part.

- the number of ribs in the aft swept part of the wing will be increased.

- to decrease the wing plate stresses, the wing skin thickness will be increased in some areas.

The modified wing skin thickness distribution is given in Figure 10.8.

The modified wing spar box structure is shown in Figure 10.9.
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Figure 10.7 • Images3D Spar Box Layout
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10.3 FLUTTER ANALYSIS

To prevent the wing from flutter, the natural frequencies for the wing for two conditions will

be investigated

an empty wing

- a fuel loaded wing

The mass distribution used for the computation is given in Reference 10.3 and includes

corrections for the increase in wing mass due to the weight of mechanic devices, wires, electronic

equipment and other equipment in the wing

The restriction for the evaluation of the wing natural frequencies is that no tail boom weight

and/or empennage weight is included in the computation.

Results of the flutter analysis are shown in Figure 10.10.
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10.4 CONCLUSIONS AND RECOMMENDATIONS

The conclusions of this chapter are :

The total weight of the Torsion Box is found to be 410 lb.

This figure does not include bonding, rivets or system component weights and is not corrected

for increase in weight due to access panels, reinforcements and weight decrease due to cut

outs in ribs.

To prevent wing flutter, all frequencies occurring in the restricted area in Figure 10.13 should

be avoided.

The tailboom, empennage and aft fuselage structure has not been analyzed, and the shown

structure is therefore still very preliminary.

The stringers and frames will not be made out of GLARE 3. Because the bending radius of

GLARE is almost 3 times as big as conventional aluminum, the frame and stringer sizing will

lead to, from a stiffness point of view, unacceptable results when small cross sectional areas

are allowed.

Recommendations for further structural analysis are :

With the modified structure a structural analysis should be performed to check if the stress

limits are not exceeded.

For use of the program as described in Reference 8, it is strongly recommended to develop

a simple program which will generate the node coordinates, plate and beam definitions and

will write these data to a seq. file. This file can be read by the Images program and will save

the user lots of work and will provide more accuracy in the calculation. If cut-outs are present

they can be defined in a later stage by just deleting the specific plates and/or beams.

To get a total overview of more accurate flutter frequencies, a model should be developed,

including tail and tailbooms.

The tailboom, empennage and aft fuselage structure should be analyzed more accurately. This

has not been done so far because of time constraints/manpower shortage.

Any structural analysis will lead to more accurate results when the whole structure is

considered. With the NASTRAN program this might be possible, however, this program is not

as easy to use as Images3D.

The use of aluminum 7075, which has higher strength but inferior fatigue characteristics

compared with AI 2024, for the upper skin of the wing torsion box has to be examined on
corrosion characteristics.
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11. DEVELOPMENT/MANUFACTURING LAYOUT

The purpose of this chapter is to present the APT facility/department structure and the APT

final assembly stages as discussed in Reference 11.6.

11.1 APT DEPARTMENT STRUCTURE

This section will present the department structure for the APT facilities.

The total engineering department, see Figure 11.1, will consist of the following sub-departments:

- Preliminary Design

- Aerodynamics
- Structures

- Certification

- System Integration
- Performance

- Stability/Control

- Electrical System Design

- Cad/Cam Design

- Manufacturing

1PRooucTC0,TRO.I
[PROOUCTSUPPORTj
[ TEST ]
[CUSTOMEr,SUP T.]

]TOTAL.ENGINEERING
I MARKETING I

• /

Figure 11.1 : APT Department Structure Layout

Preliminary Design : Even though the APT's market expectations are high, it is not expected

that a break even point will be reached in the next ten years. Therefore, APT derivatives have

to be developed through constant research by the Preliminary Design Group. In the long term,

the company will face financial difficulties if it doesn't look further than the APT. Technological

developments together with the experience gained during the APT development should lead to

the development of better models in the long term.

Aerodynamics : Detailed design of the wing, empennage and aerodynamic shape of the fuselage

will be performed by the Aerodynamic Department. This includes computational flow dynamics,

wind tunnel testing and evaluation of flight test data.
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Structures : Detailedstructuraldesignusingfinite structuralelementcodessuchasNastran,and
flutter and vibration analysisfor eachaircraft componentwill be performedby the Structural
DesignGroup.

Certification : Since the APT will charternew areasin which regulationshave not yet been
defined, new regulationswill bejointly developedby the FAA and APT manufacturer. This
processwas used in the certification processof the Beech Starship2000. The Certification
Departmentwill be concernedwith the final certification of the APT; which includes the
cooperationwith the FAA.

SystemsIntegration : Sincethe APT hasmany different systems,the successof the APT is
largely dependenton the performanceof this departmentin effectively integratingall of the
systems.In addition to systemsintegration, this departmentwill be concernedwith system
maintainability, supportability,and cost.

Performance : This group will be concemedwith the determinationand improvementof the

performance characteristics of the APT.

Stability and Control : Estimation, verification and improvement of the stability and handling

qualities of the APT will be the task of this group. This includes the design of the flight control

systems.

Electrical System Design : All electrical systems not developed by sub contractors, which

includes most of the computer hardware, will be designed in the Electrical System Design Group.

This also includes necessary modifications of the hardware provided by sub contractors.

Cad/Cam Design : This group will be responsible for the APT geometry/manufacturing data

base. This group forms, like the manufacturing department, a link between engineering and the

manufacturing line.

Manufacturing : The Manufacturing Department will be the main link between engineering and

the manufacturing lines. It is recommended that this group contain at least one engineer who has

a background in all of the major departments and a background in management. This type of

personnel should allow for smooth operations between manufacturing and engineering and

ultimately a better final product.

All of the APT information will be stored in the host computer in such a manner so that all

departments will have access to me latest information. Of course backups will be kept in the

case of an emergency. Within the file there will be many different categories, for example

CAD/CAM. In some cases, only specific departments will have access to certain areas in the

database so that modifications can be made and the database kept current.
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Other divisions in the APT manufacturinginfrastructureare •

- Marketing
- ProductControl
- ProductSupport
- Flight Test
- CustomerSupport

11.2 DIFFERENT COMPONENT MANUFACTURING LINES

Recent years have shown that it is very hard for a single airframe manufacturer to

successfully start a big project. Most civil as well as military high technology projects these days

are a venture between different manufacturers. To make it possible to manufacture the APT with

a partner, the manufacturing/storage divisions will consist of the following eight components (see

Figure 11.2) :

- Electrical System Manufacturing

- Spare Parts and Supplies

- Frame and Stringer Manufacturing and Plate preparation

- Gear Manufacturing

- Wing Manufacturing

- Empennage Manufacturing

- Tailboom Manufacturing

- Fuselage Manufacturing

ELECTRICAL
SYSTEM

MANUFACTURING

SPARE PARTS
SUPPLIES

FRAME.STRINGER
MANUF AC TUR[NG
ANO PLATE
PREPARATION

GEAR
MANUFACTURING

WING
MANUFACTURING

EMPENNAGE
MANUFACTURING

TAILBOOM
MANUFACTURING

FUSELAGE
MANUFACTURING

Figure 11.2 • Different Component Manufacturing Lines
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Most divisions will be ableto useconventionaltooling andmachineryto manufacturetheAFT
(Reference11.5).However, theFrameand StringerManufacturingDivision will usea machine
which has to be developed. The machinewill be linked with a Cad/Camnetwork (seeFigure
11.3). After a plate hasbeensized and cut, this machinewill form and bend the plate in the
shapeof the requestedstringer or frame. The user only has to selectthe part number of the
stringer or frame and the machinewill producethe part. This methodof productionwill give
accurateand constantquality oncethe machinehasbeencalibrated.The generallayout of this
productionsystemis shownin Figure 11.4.

Figure 11.3 •

An Engineer usin_ computer-aided design (CAD). After

he is done, his design will be interfaced with computer

-aided manufacturing (CAM) to produce the component.

(Com'tesg Boeing)

ORiGiNAL P_,GE I$

OF POOR QUALITY

CAD/CAM Data I

User Input

Fi__ure 11.4 • Manufacturin_ Equipment, stringer and frame bending machine
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11.3 MANUFACTURING LINE

The production line of the APT is shown in Figure 11.5. The production line is divided into

eight steps •

1 - Cabin section will be finished or received from co-manufacturer and prepared for the

final production line

2 -Aft fuselage will be attached to the cabin

3 - Main gear and nose gear will be installed, from now on the aircraft must be balanced

in the manufacturing process

4 - The wing will be attached to the fuselage

5 - The tailbooms will be attached to the wing

6 - The engine and associated systems will be installed.

The empennage will be attached to the tailboom and the control surfaces will be

insudled (this includes the wiring)

7 - The spinner/prop will be attached to the engine, the supporting electrical systems will

be installed and the wiring will be finished

8 - Cabin furnishings will be installed and the aircraft will be painted

APT PRODUCTION L]NE t

® @

® ®

-_ dg

©

Q

u

Figure 11.5 • APT Production Line
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12. WEIGHT, BALANCE AND INERTIAS

The purpose of this chapter is to present the results from calculations performed to

determine the component weights for the APT pusher. These weights will be used to determine the

center of gravity of the airplane as weU as the e.g. excursion. Finally, the moments of inertia can

be calculated using the weight data and the locations of each component. This work is "fine

tuning" of the work that was previously accomplished in Reference 12.1.

12.1 WEIGHT ESTIMATION

The methods presented in Reference 12.2 were used to determine the component weights

for the APT. The primary inputs to the method are the geometry of the airplane. This is largely

unchanged from Reference 12.1 except for the change in wingspan. The wing was re-sized to

increase the performance of the airplane. The other inputs to the analysis are values from a V-n

diagram and the weights for the passengers and baggage. Both of these inputs are unchanged from
Reference 12.1.

Due to the advanced materials and systems used in the airplane, some variation in the

weight of some components is to be expected from conventional aircraft. This was accounted for

by using "technical factors" multiplied by the various component weights. Most of the

assumptions in Reference 12.1 are used again. Some components used different technical factors
because it was felt that the old values were a bit to severe. These are listed in Table 12.1.

Table 12.1: Comparison of T_¢hni¢al F_tctors

Weight Component

Flight controls

Electrical system
Instruments & Avionics

01d Tech Factor

50% reduction

50% penalty

20% penalty

New Tech Factor

20% reduction

40% penalty

30% penalty

It was felt that the 50% reduction assumed for the flight controls was a bit too optimistic for

a first generation fly by wire aircra.ft. This is the reason for the smaller credit taken for technology.

Similarly, the 50% increase in the electrical system weight seemed to be too severe and was thus

reduced slightly. The instruments and avionics used in the airplane rely extensively on the use of

computers and displays. This extensive use of electronics seemed to warrant a little larger penalty

than was previously assumed. It is noted that all of these assumptions should be checked as more

detailed information is known about the components of the airplane.

The previous information is used in a spreadsheet program to make quick iterations

possible. The results from the calculations are summarized in Table 12.2.
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Table 12.2: Component Weights for the APT Pusher

STRUCTURE WEIGHT

Wing
Canard

Horizontal tail

Vertical tail

Fuselage
Tail booms

Landing gear

COMPONENT WEIGHT

461

119

54

49

483

94

266

TOTAL: 1526

PROPULSION SYSTEM WEIGHTS:

Engine

Air induction sys.

Fuel system

Propeller

Prop. Controls

Engine start

Engine controls

Prop gearbox

860

84

179

134

2

34

64

150

TOTAL: 1506

FIXED EQUIPMENT WEIGHTS:

Flight Controls

Elect. System

Instr, & Avionics

MC & Anti-ice

Oxygen System

Furnishings
Aux. Gear

Paint

220

316

192

206

31

203

43

44

TOTAL:

EMPTY WEIGHT:

1254

4286

(Ibs.)
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12.2 AIRCRAFT BALANCE

The purpose of this section is to describe the balance of the aircraft. This was done using

the component weights from the previous section along with the locations of the components to

determine the center of gravity of the airplane. The c.g. excursion can also be determined by using

different loading and unloading scenarios in the weight and balance spreadsheet. The locations of

the components are unchanged from Reference 12.1.

Table 12.3 summarizes the resuks from the center of gravity analysis.

Table 12.3: Summary of C.G. Locations for the APT

CONDITION C.G. LOCATION

Gross Weight 245

Empty Weight 246

Most Aft 251

Most Forward 238

It is noted that the most aft c.g. will not be a problem from an airplane stability point of

view. This is because this occurs at a point in the loading in which just the wing tanks are filled

and no passengers or pilots have entered the airplane. This value will have an impact on the

landing gear placement. This will affect the longitudinal tip over considerations of the APT. The

furthest that the c.g. will be aft during flight is at the value for gross weight. Using this value the

APT has a c.g. travel of 7 inches. With a M.A.C. of 48 inches this corresponds to a 15% shift in

center of gravity. From Reference 12.3 it is noted that typical values for this class of airplane are

8-16 inches and 10-21% of M.A.C. Therefore it can be concluded that the APT has acceptable
center of gravitytravel.

12.3 MOMENTS OF INERTIA

This section will summarize the moments of inertia of the APT. The analysis was

conducted for the gross design takeoff weight. The weight and balance spreadsheet of the

previous sections was used to obtain the moments of inertia. To check the analysis, the radius of

gyration method was also used. The summary of the analysis is given in Table 12.4.

Table 12,4; APT M0rn_n_$ Qf InCrvia

Components Radii of Gyration
Ixx (slug-ft 2) 4286 4608

Iyy (slug-ft 2) 8722 8826

Izz (slug-ft 2) 11205 11881
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13 MAINTENANCE AND REPAIRABILITY STUDY

The goal of the Advanced Personal Transport (APT) maintenance program is to

reduced pilot's work load and decrease maintenance Life Cycle Cost (LCC). This is

accomplished using Built-In-Test-Equipment (BITE) to provide an advance warning of

failures. This maintenance approach will reduce pilot workload while increasing the

reliability of the APT by detecting failures prior to their occurrence.

13.1 INTRODUCTION

Many of the maintenance requirements of the APT are similar to other aircraft in its

class. However, a distinct feature that the APT employs is its use of Built-In-Test-Equipment

to perform maintenance tasks and checks.

The engine section of the APT was designed to simplify repair. All major components

may be removed, without engine removal. This reduces the LCC and reduces the time

required to perform engine repairs. In the event of major engine repair, the entire propulsion

unit can be quickly removed.

13.2 APT PUSHER MAINTENANCE SCHEDULE

To provide a comprehensive maintenance program, the APT Pusher maintenance plan
includes both scheduled and unscheduled maintenance checks and routines. This maintenance

program is based on criteria set by the Federal Aviation Administration (FAA). The

maintenance manual of the Beechcraft Starship was used as a guide to develop the
maintenance schedule for the APT Pusher.

13.2.1 Scheduled Maintenance

A periodic maintenance schedule was developed based on the FAA requirements.

The altimeter instrument and static system and all ATC transponders MUST be tested and

inspected in 24-month intervals in compliance with the requirements specified in FAR Part

91. This check must be performed in addition to the inspections included in this schedule. A

table detailing the maintenance specifications was developed for the periodic maintenance

schedule; However due to its volume, this schedule will not be presented in this report (see

reference 13.2).

13.2.2 Unscheduled Maintenance

Unscheduled maintenance procedures are recommended when uncommon incidents

occur which may endanger the safety of the aircraft. A table detailing the unscheduled

maintenance procedures recommended for the APT Pusher was developed; However due to its

volume, this schedule will not be presented in this report (see reference 13.2).
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13.3 PRE-FLIGHT BITE TEST SOFTWARE

The focus of this section of the report is software development for the Built In Test

Equipment (BITE) testing referred to in Reference 1. The function of this particular software

is exclusively to determine the preflight worthiness of flight control surface actuators. The

objectives of the test are as follows:

1. Exercise each flight control surface during pre-flight

mode of operation.

2. Check each actuator against minimum, unloaded perfor-

mance criteria.

3. Identify those actuators failing to meet that criteria.

4. Record and store data on each actuator for all previous

BITE tests in a file in main computer memory.

5. Upon discovery of faulty actuator(s), abort flight

attempt and notify pilot of BITE test failure.

Although a BITE test failure is labeled as a faulty actuator, this may not be the case.

A part of this section is devoted to the interpretation as well as the generation of BITE test
data.

13.3.1 Generation of Data

This section gives a general description of the process performed by the BITE Test

software. The software will perform the following sequence of actions in order:

. An ample number of successive signals will be transmitted to initialize the actua-

tors of the first control surface to be tested to predetermined "flaps down" angle.

This position will be recorded as the minimum start position in the BITE test file.

2. A predetermined number of signals directing the actuators to a "flaps up" position
is then transmitted.

. Once the signals in step 2 have been transmitted to the actuators, their positions are

compared to a "flaps up" performance criteria angle as well as recorded in the

BITE test file. If any of the actuators fail to meet the performance criteria angle, k

is flagged as such in the BITE test f'fle.

. The actuators are then sent an ample number of signals commanding to initialize at

the "flaps up" position. At the end of the transmission the positions of the actua-
tors will be recorded in the BITE test file.
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. A predetermined number of signals corresponding to a "flaps down" position are

then sent to the actuators. At the end of the transmission, each actuator position is

recorded in the BITE test file as well as compared to the "flaps down" performance

criteria angle. Those actuators, if any, not meeting the performance requirement

will be flagged in the BITE test file.

. After completion of the BITE test on that particular control surface, the process is

carried out on the next control surface. This process continues until all control
surfaces have been tested.

, If any actuator fails to meet the BITE test criteria, an "abort mission" flag is set.

This flag will cause a message to appear on the pilot's CRT indicating that a BITE
test failure has occurred.

13.3.2 Interpretation of Data

The purpose of the BITE test is not only to prevent occurrence of flights with faulty

equipment but also to be used as a trouble shooting tool to save time and money. By

interpreting the data correctly, maintenance time can be greatly reduced.

Examining the BITE test data can direct maintenance personnel toward finding the

faulty device that aborts a mission. The data contained in the BITE test file can reveal

whether a feedback sensor or amplifier is bad, an open circuit in the power wiring to an

actuator has occurred, an open circuit has occurred in the control signal wiring, or an actuator

has actually failed.

There are many ways in which to use the data from the BITE test file to greatly

reduce trouble shooting time for control surface malfunctions and these are only a few. Since

access to the BITE test file will be via a port on the plane's main computer, all maintenance

personnel need is a portable computer and cable to obtain the information.

13.3.3 Pre-flight Bite Test Program Code

It is envisioned that this program will be executed before the Primary Flight Controller

(PFC) program at the beginning of each flight. Therefore the program will reside in the PFC

computer memory. Since the PFC programs were written in the Pascal language, so to was

the BITE test program [2]. The BITE test obviously requires communication with the

actuator, as does the PFC, and therefore will utilize many of the same communication

subroutines as the PFC program.
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13.4 ENGINE REMOVAL AND SERVICING

The purpose of this section is to discuss the method in which the APT engine is serviced.

Both minor and major servicing of the engine will be discussed. Minor service would include

additions of engine oil or changing the oil triter. Other servicing that will be considered to be

minor would be the replacement of a Line Replaceable Unit (LRU). These items include but are

not limited to the following:

• Starter Generators

• Fuel control units

Major services would include things such as hot section inspections or other repairs that would

require the engine to be removed from the airframe. This report will only deal with the engine

removal process and not the actual repair.

The APT uses two Garrett TPE331-15 engines mounted to a Soloy Conversions Dual Pack

to drive a single propeller. A perspective view of the engine is shown in Figure 13.1.
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.;::'"

ORIGINAL PAGE !$

OF POOR QUALII't

Figure 13,1:. Garrett TPE331-15 Turboprop En_ne (Copied from Ref. 13.1)

13.4.1 Engine Removal Procedure

This section will cover the procedure used to remove the powerplant unit from the APT.

The powerplant was made to be as much of a complete unit as possible. This will allow the entire

unit to be removed at once without having to remove a lot of items. This should allow for quick

removal times.

The following procedure assumes that the APT is being serviced by an authorized service

center. Refer to Figure 13.2 to see how the powerplant unit is attached to the APT airframe.
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Table 13.1: PowerplantRemovalProcedure

1. Remove upper and lower engine cowlings

2. Disconnect exhaust ducts

3. Disconnect fuel, electrical, and bleed air connections from the

engine.

4. Attach engine removal support

5. Relieve engine weight from engine mounting truss by jacking

the engine removal tool slightly

6. Remove engine mounting bolts. There are 5 locations on each

engine - 10 total

7. Roll entire assembly out from the APT rear fuselage.

8. The propeller may be removed at this time if necessary.

9. At this time the engines may be detached from the gearbox if

necessary.

From the above procedure it can be seen that many major components remain attached to

the powerplant unit during the removal process. The propeller, engine inlet, and oil cooler all

remain attached to the unit. This means that the APT service personnel will not have to remove

items that do not need to be fixed. For example, to do a hot section inspection, the preceding

procedure would be followed. The inlet and other hardware are not removed because there is no

need to. This should save a considerable amount of time when it comes time for major servicing of

the powerplant unit. This in turn should reduce the cost of maintenance for the AFT.

The Mitsubishi MU-2 series of airplanes also uses Garrett turboprop engines. These

engines are mounted in the same manner as is used for the APT. That is they are mounted so that

very few items are needed to be disconnected to remove the engine. As a result of this engine

removal times are quite low for that airplane. One of the authors has personally witnessed a

service center remove a single engine in under 15 minutes. While it is true that the MU-2 does not

use two engines mounted together as the APT does, it is reasonable to assume that powerplant

removal times for the APT should be in the 20-30 minute time range.

13.4.2 Minor Engine Maintenance Considerations

While the powerplant removal times discussed in the previous section indicates relatively

short removal times, it would be nice if the entire propulsive system did not have to be removed for

minor maintenance of the system. It is the purpose of the section to demonstrate that it is indeed

not necessary to remove the entire system.

Major servicing of the engine such as an overhaul occur quite infrequently. For the Garrett

series of engines the minimum time between overhaul (TBO) is 3000 hours. For high use, such as

airline service, the interval can be as high as 6000 hours. This time interval is long enough that the

20-30 minutes required to remove the engines is not a great burden. For small items such as starter

generators and fuel control units, the mean time between failures (MTBF) is much lower. This
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requiresmorefrequentservicingof thesetypeof units. For thisreasonit is desirableto leavethe
enginesin placeandremoveonly theunit thatis faulty.

Figure 13.3is atwo view of theGarrettTPE331-15engine. It showsthelocationof the
enginedrivenunitsthataremorelikely to fail.

ENGINE DRIVEN

ACCESSORIES

ACCESSORY
CASE

FUEL
MANIFOLD

OIL TANK

Figure 13.3: Two-view of Garrett engine showing Engine Driven Accessories (From Ref. 13.1)

Figure 13.3 is a picture of a generic TPE331-15. The actual orientation of the engine in the

APT airframe can be seen in Figure I3.2. That figure shows the location of the engine driven

accessories. As can be seen from the figure, the engine driven accessories are located on the

bottom of the engine. It is also apparent from the figure that the engine mounting truss is not

blocking access to these items. The location of the engine driven accessories allows them to be

accessed from the bottom of the engine area. Table 13.2 gives the procedure for removing a line

replaceable unit (LRU).

Table 13.2: Procedure for Replacing a LRU

1. Remove the lower engine cowl.

2. If the left engine is being serviced, work may begin for

removing the faulty unit.

3. If the right engine is being serviced, the engine burst guard

needs to be removed from between the two engines.

4. Service right engine as required.

5. Installation is in the opposite order.
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13.5 MISCELLANEOUS SERVICE CONSIDERATIONS

Airplanes are generally quite complex machines with many independent systems that may

need to be serviced over the lifetime of the airplane. It is very beneficial from a cost point of view

to reduce the amount of work needed to repair the many systems in the airplane. The previous

section outlined the procedure for servicing the engine. This section will discuss the servicing

techniques envisioned for some of the other systems on the airplane. The systems that will be
discussed are:

• De-ice system
• Avionics

• Primary flight controls

• Secondary flight controls

• Air-conditioning system

13.5.1 De-Ice System

The de-icing system chosen for the APT in Reference 13.3 is a somewhat new technology

called EIDI (Electro Impulse De-Icing). This system uses many electromagnetic coils which

vibrate in such a manner as to actually knock the ice off the surface in the immediate area of the

coil. This system was chosen because conventional "boots" are not compatible with obtaining

laminar flow and the power losses from bleed air de-icers were considered to be too high. The

EIDI coils were not without their problems, however. The main problem was that they present a

potential serviceability problem. Since the coils are placed approximately 18" apart a multitude of

access panels would be required in the leading edge of the wing to facilitate coil servicing. This

again presents a problem for the attainment of laminar flow. This is due to the number of access

panels and their location on the leading edge of the wing. To solve the serviceability problem as

well as the laminar flow considerations a new method of using EIDI coils was proposed in
Reference 13.3.

Basically, the new method mounts the coils to a long, thin strip of metal. This strip of

metal is then slid into the wing on tracks which are bonded to the inside of the wing. This can be

seen in Figure 13.4. This method allows the leading edge of the wing and canard to be free of

laminar flow tripping access panels. From Figure 13.4 it is seen that there are two access panels

on the inboard section of the wing. These are used for two reasons

• No laminar flow is assumed to exist at this location due to turbulence

from the canard and fuselage

• It would not be possible to bend the track of EIDI coils around the crank

in the wing.

The access panels on the inboard section of the wing are also used to disconnect the power wires to

the track of coils. The electrical connection could be a simple connector which would allow quick

removal of the wires. The wires for the canard coils can be removed from inside the avionics bay

access door. It can also be seen that there are access panels to service the EIDI coils located on the
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horizontal tail and vertical tail. This is because no laminar flow is assumed to exist on these

surfaces of the airplane. It is noted that all of the access panels located on the wing are on the

bottom surface of the wing. This is the higher pressure surface of the wing and can maintain a

laminar boundary layer better than the top surface. Therefore even though there is a access panel

near the leading edge of the wing, this does not necessarily mean that laminar flow is not

achievable on thesesurfaces.

Servicing the EIDI coils would follow the following procedures:

For the wing:

1. Remove inboard access panels

2. Disconnect power wire from the EIDI coil track

3. Remove the cap on the end of the wing

4. Remove attaching bolts of lower EIDI coil track and slide out of wing

5. Repeat step 4 for the upper track of EIDI coils

6. Replace any faulty coils

7. If inboard EIDI coils need to be serviced they are accessed directly through the
cut-outs

8. Follow same procedure for other wing, if necessary

9. Installation is in the opposite order

For the canard:

1. Raise avionics bay access door

2. Disconnect power wires to EIDI coils

3. Remove end cap of canard

4. Remove attaching bolts of lower EIDI coil track and slide out of wing

5. Repeat step 4 for the upper track of EIDI coils

6. Replace any faulty coils

7. Repeat for other side of canard if necessary

8. Installation is in the opposite order

For the horizontal tail and vertical tails

1. Remove access panels that are near the faulty coils

2. Remove any faulty coils individually
3. Reinstall new coils

4. Reinstall access panels

13.5.2 Avionics

The APT uses electronic equipment in a way which is normally reserved for much larger

airplanes. This is to make the airplane as simple to fly and operate as possible. Luckily, the rapid

advances that have been made in digital electronics reduces the number and size of the necessary
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computers.It wasdeemedpossiblein Reference13.4thatall of thenecessaryelectronic
equipmentcouldbeplacedin thenoseof theairplane.Thissectionwill discussthemannerin
whichtheavionicscouldbeservicedin theAPT.

Theavionicscanbeservicedthroughtwodifferentlocations.Thetwolocationsare:

• Externalaccesspanelsonbothsidesof nose
• Internalaccessthroughcabin

Themajority of thecomputerwill belocatedin thenose.Theaccesspanelshownin Figure
13.4will beusedto removethecomponentsof theavionicssystem.Thedisplays,keyboardsand
otherinterfaceequipmentis locatedin thecabinandcanbeservicedfrom in thecabin.

13.5.3 Primary Flight Controls

The APT utilizes a novel control scheme in which the control surfaces are driven by

multiple actuators as opposed to the conventional method of using a single actuator. Single

actuators must carry all of the loads and consequently are typically heavy and expensive. The APT

is shown to have a considerable weight advantage by using more, but smaller actuators (Reference

13.5). This control concept has been tested for a short period of time. In Reference 13.5 the

servo-actuators envisioned for use in the APT have undergone 38 hours of testing with no failures.

The testing is continuing and with some more simulation time more accurate reliability statements
can be determined for the actuators.

The one conclusion that can be made about the aileron-servotab system is that the system

will perform for at least 38 hours, and be free of failures. From this, an estimate of the reliability of
the system can be made. For a catastrophic failure, a hard-over failure in the same direction of five

of the ten actuators will occur. Using 38 hours as the probability of failure in one direction, once

every 76 hours, a servotab will fail in a particular direction. Accordingly, for five servotab

actuators to fail in the same direction, this will occur every 765 hours = 2.53 x 109 hours. Since

this is less than one catastrophic occurrence in 109 hours, this system from a safety point of view

is acceptable. The other major issue of reliability is the frequency of actuator changes. If an

actuator has an MTBF of 1000 hours and there are 20 actuators on the aircraft, the operator is

required to change an actuator every 50 hours. This may be unacceptable from an owner-operator

point of view. No clearly established guidelines have been published on this matter, but is should

be conservative to suggest that the higher the MTBF, the greater the customer satisfaction. If it

turns out that the MTBF is such that servo-actuators must be frequently replaced, then the operator

will want to be able to do this quickly. This section deals with the maintainability issue.

The principal issue as far as the maintainability of the servo-actuator system is concerned,

is the accessibility and speed of replacement of each servo-actuator. The bottom of the servo-

actuator is bonded to the access panel which is attached to the bottom skin of the aileron with four

nylon-head self-locking nuts. The removal and installation time is estimated to be approximately 5

minutes. The servo-actuator will be connected with four screws, one pushrod, and one electrical

umbilical. Each component can be easily accessed and removed by ground crews. It should be
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notedthatall flight control surfacesincludingtheelevator,therudderandtheaileronswill be
actuatedby thesameservo-actuatorsandwill beinstalledandremovedin thesamemanner.This
will facilitatefastandprofessionalmaintenance.Figure 13.5showstheprocedurethatwill beused
for removalandinstallationof anew servo-actuator.The accesspanelon thebottomside(pressure
surface)of theaileronwill beremoved.Theservo-actuatoris-thanrotatedandslid outof theaccess
port.Thepush-rodis thenremovedalongwith theelectricalumbilical.A simplelockingclevispin
is usedtojoin thepush-rodto theactuatorhead.Currently,stampednylon is usedfor theactuator
head.Forflight hardware,eitherachangeof materialto aluminumshouldbeimplemented,or
Teflon bushingsshouldbeswagedintoplace.

Figure 13.5 Servo-actuator Removal and Installation Procedure

This procedure will be used on all surfaces that use servo-actuators for actuation. For the

rudders which do not have a pressure surface, the inboard sides of the rudders will have the access

panels for the actuators. The reason for placing the access panels on the inboard portions of the

rudders is that the mechanics can access all of the actuators on the elevator and rudder without

changing position of the work stand. This will decrease the time required for inspection and

removal. Also, the appearance of the aircraft will not be decreased in the profile with the sight of

access panels and linkages.

13.5.4 Secondary Flight Controls

The secondary flight controls that will be discussed in this section are:

• Main wing flaps

• Canard flaps

• Landing gear actuation
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As found in Reference13.4,theAPTuseselectricalmotorsfor all of thesefunctions. It
will thereforebenecessaryto haveaccessto theelectricmotorsanddrive-shaftsthatarerequiredto
movetheaboveitems.

13.5.4.1 Main win_ flaps

The main wing flaps on the APT are electrically actuated fowler flaps. The method of

actuation was chosen in Reference 13.4 to consist of a centrally located electric motor and drive

shafts to drive the outboard sections of the flap. This is the same method that is used in the

Mitsubishi MU-2. The electric motor may be accessed through the landing gear bay. The drive

shafts and jackscrews can be actuated through the access panels located in the wing. These cut-

outs can be seen in Figure 13.4.

13.5.4.2 Canard flaps

The canard flaps on the APT are also electrically actuated but the are plain flaps instead of

fowler flaps. This allows the the flaps to be actuated by using a torque tube mounted inside the

flap. The torque tube in turn is acted upon by a electric motor driving a jackscrew. The only

service that will be required of the canard flap is the inspection, repair, and replacement of the

electric actuator. This can be accomplished through the nose landing gear door bay.

13.5.4.3 Landing gear

The landing gear is actuated by two electric actuators, one for the nose gear and one that

drives both main gear. Both of these actuators are accessible from the landing gear bays.

13.5.5 Air Conditioning System

The APT uses an air-cycle machine for heating and cooling the cabin air. These units have

proven to be quite reliable in service and should not require frequent service. When service is

required it would be beneficial to have easy access to the air-cycle unit for quick service. This
section will discuss the maintenance of this unit.

As can be seen from Figure 13.4, there is an access panel directly above the location of the

air-cycle machine. This panel will allow the unit to be serviced or removed.
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14. STABILITY AND CONTROL

The purpose of this chapter is to derive and discuss the static stability characteristics of the

APT pusher configuration.

To satisfy level 1 requirements as defined in Reference 14.1, a sensitivity study is performed for

the lateral/directional stability characteristics.

14.1 FLIGHT CONDITIONS

For the calculations of the stability and control derivatives and open loop handling qualities,

three flight conditions are selected :

Power Approach

Economic Cruise

Max. Speed Cruise

Altitude= Sea Level

Speed = 90 kts

Altitude= 40000 ft

Speed = 310 kts
Altitude= 20000 ft

Speed = 410 kts

In all three conditions the most aft center of gravity is considered.

The AFT steady state and other characteristics for the three flight conditions are shown in Table

14.1.
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Table 14.1 : Characteristics for the Three Flight Conditions

Flight Condition 1 2 3

Economic

Altitude (ft)

Air Density (slugs/ft 3)

Speed (kts)

Center of Gravity " (ft)

Initial Attitude (deg)

Geometry and Inertias

Wing Area ift a)

Wing Span (ft)

Wing Mean Geom. Chord (ft)

Weight (lbs)

Ixx (slug f_)

Iyy (slug ft_)

Izz (slug ft 2)

Ixz (slug ft:)

Steady State Coefficients

Power

Approach

sea level

2.377x10 -3

90

17"

0

Cruise

40000

0.5851x10 3

310

17"

0

EL

CD

Crx

Cm

CmT

130

36

3.99

5500

8474

7298

15409

717

130

36

3.99

6250

9211

7933

16749

779

1.5406

0.2337

0.2337

0.0

0.0

0.5790

0.0323

0.0323

0.0

0.0

Max. Speed

Cruise

20000

1.2664x10 "3

410

17"

0

130

36

3.99

7000

9496

8178

17267

803

0.1773

0.0168

0.0168

0.0

0.0

* Center of Gravity is measured from Fuselage Nose Apex
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14.2 STABILITY AND CONTROL DERIVATIVES

In this section the stability and control derivatives for the above mentioned three flight

conditions are presented. The derivatives are obtained from the Advanced Aircraft Analysis

program (Reference 14.3). The theory of this program is based on theory as provided in

Reference 14.2.

The longitudinal derivatives for the APT in the three flight conditions are shown in Table 14.2.

Table 14.2 ' Longitudinal Derivatives for the APT

Longitudinal Derivatives 1 2 3

Cm u

Cm_ (rad l)

Cm_ (rad "l)

Cmq

CMTu

Cmr_, (rad "1)

CLo

CL_ (rad "1)

CL_ (rad "1)

CLq

CD_ (rad 1)

CDu

CTxu

CL_ (rad "1)

CD_ (rad "I)

Cm_ (rad l)

0.0741

-0.8356

-7.703

-40.10

0.0895

0.0

0.0272

6.1038

2.1892

10.1879

0.7137

0.0

-0.7011

0.4686

0.0

-1.8405

0.1738

-0.6042

- 11.9600

-48.9117

0.0093

0.0

0.2187

7.6243

3.3349

11.7972

0.3350

0.0

-0.0969

0.4816

0.0

-1.9816

0.0872

-0.2838

-15.8857

-55.4800

0.0073

0.0

0.1274

8.8385

4.3840

12.9373

0.1189

0.0

-0.05O4

0.4793

0.0

-1.8825
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The lateral/directionalderivativesfor theAPT in thethreeflight conditionsareshownin Table

14.3.

Table 14.3 • Lateral/Directional Derivatives of the APT

Lateral-Directional

Derivatives

CI_ (rad 1)

C½ (rad 1)

CI_ (rad "_)

C19 (rad 1)

C15A (rad "1)

CI_ (rad "_)

Cn_ (rad "_)

Cn_ (rad 1)

Cr_ (rad _)

Cn_ (rad "_)

CnSA (tad"I)

CnSR (tad"I)

Cy_ (rad "_)

Cy v (rad "l)

Cyr (rad "_)

Cy_ (tad _)

CYSA (rad "1)

Cy_ (rad")

-0.1283

-0.4414

0.3816

0.0029

0.1152

0.0119

0.1110

-0.1889

-0.2845

0.0256

-0.0248

-0.0815

-0.9909

-0.0910

0.6198

0.0663

0.0

0.1992

-0.1520

-0.3858

0.2104

0.0032

0.1495

0.0110

0.1086

-0.0692

-0.2658

0.0282

-0.0121

-0.0756

-0.9909

-0.0910

0.6198

0.0730

0.0

0.1852

-0.1563

-0.3678

0.1253

-0.0033

0.1686

0.0103

0.0868

-0.0218

-0.2631

0.0295

-0.0042

-0.0701

-0.9909

-0.0910

0.6198

0.0763

0.0

0.1715
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14.3 OPEN-LOOP HANDLING QUALITY ANALYSIS

It is important to the pilot that certain modes of motion of the airplane are well behaved. The

purpose of this section is to present the handling quality characteristics of the APT in terms of

mode and mode shape characteristics.

The longitudinal and lateral/directional characteristics are calculated with the Advanced Aircraft

Analysis program (Reference 14.3). The following sections will present the results for three flight

conditions.

14.3.1 Dynamic Longitudinal Stability

PHUGOID : Table 14.4 shows the phugoid characteristics for the APT. The APT

satisfies the requirements for level 1 flights in flight condition 1. In the

other two flight conditions it can be seen that the characteristics are very

close to the level 1 flight requirements (_,H > 0.04).

SHORT PERIOD : The APT satisfies in all three flight conditions the requirements set for

level 1 flights (see table 14.4).

Table 14.4 : Loneitudinal Mode Shapes for the APT

Longitudinal Dynamic

Analysis

Phugoid and Short Period

%H (rad/sec)

COst, (rad/sec)

_sP

0.2854

0.1148

1.5965

0.6735

2

0.1380

0.0385

2.0147

• 0.5118

3

0.1342

0.0354

3.5343

0.8849
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14.3.2 Dynamic Lateral/Directional Stability and Roll Response

SPIRAL : Table 14.5 shows the APT spiral characteristics for the three flight

conditions. The requirements for level 1 flights are satisfied for flight

condition 1 but the spiral mode is too stable.

DUTCH ROLL: The requirements for level 1 flying qualities are not satisfied for flight

condition 2 and 3 (to > 0.08). In section 14.4 it will be shown that this

can be solved by changing the wing dihedral.

ROLL : The APT satisfies the requirements set for level 1 flying qualities in all

three flight conditions.

Table 14.5 : Lateral/Directional Mode Shapes for the APT

Lateral-Directional Dynamic

Analysis

Spiral, Dutch Roll and Roll

T s (sec)

(sec)

6% (rad/sec)

tD

TR (sec)

-83.210

2

58.069 27.417

-57.676

1.144

0.011

0.844

40.250

1.630

-0.005

1.152

19.004

2.579

0.069

0.540

147



14.4 SENSITIVITY ANALYSIS

In this section a sensitivity analysis will be performed. The purpose of this analysis is to

change the lateral/directional handling qualities of the APT by changing the wing dihedral or

vertical tail area. The effect of the lateral derivatives Cy_, C1¢ and Cn_ on the lateral/directional

handling quality characteristics are shown in Figure 14.1 to Figure 14.15 for the three flight

conditions. To satisfy level 1 flying quality requirements, it is obvious from these figures that

conflicting requirements concerning the selection of CI_ are found.

The effect of the wing dihedral and the vertical tail area on the Cy_, CI_ and Cn_ are shown in

Figure 14.16 to Figure 14.21. To satisfy the level 1 requirements for the dutch roll (_D > 0.08),

the dihedral of the wing has to be decreased to -2 degrees. Unfortunately this modification will

make the spiral mode too stable in all three flight conditions. The lateral/directional mode shapes

for the dihedral of -2 degrees are shown in table 14.6.

Table 14.6 : Modified Lateral/Directional Mode Shapes for the APT

Lateral-Directional Dynamic

Analysis

Spiral, Dutch Roll and Roll

T s (sec)

T2s (sec)

COD (rad/sec)

;D

T_ (sec)

2 3

-8.434

-5.846

1.085

0.202

1.142

-51.790

-35.898

1.592

0.080

1.574

-100.000

-69.310

2.674

0.133

0.655
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14.5 CONCLUSIONS

To satisfy the level 1 handling quality requirements, conflicting requirements are met.

Though the APT will still have some unsatisfying spiral characteristics (too stable) it is found

that the dutch roll characteristics are satisfied when changing the wing dihedral to -2 degrees.
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15. PERFORMANCE

This Chapter will present the performance capabilities of the APT. The wing of the

APT was re-sized in an attempt to increase the cruise speed and range of the airplane. Both

of these quantities were found to be lacking in Reference 15.1. To further add to the

performance problems the installed thrust has decreased from the levels in Reference 15.1.

The loss of thrust has already been discussed in Chapter 6. Next a discussion of the

mission capability with respect to the mission specification will be made.

15.1 WING RE-SIZING

As mentioned above, the performance characteristics of the airplane did not meet all

of the mission requirements. To remedy this the wing was decreased in area. This was

done to increase the wing loading and to reduce the drag contribution from the wing by

having less wetted area. A spreadsheet program was used to calculate the drag from the

wing. This allowed for quick iteration of wing area until the drag was reduced enough to

permit the maximum cruise speed. The new wing area as a result of the calculations is:

s = 130 ft2

This corresponds to a take-off wing loading of 55.8 psf. This compares with a

wing loading for the Piaggio P.180 of 62 psf and 51.3 psf for the Beech Starship.

15.2 MISSION CAPABILITY

The purpose of this section is to present the performance capabilities of the APT.

This is done using the thrust data from Chapter 4 and the methods of References 15.2 and

15.3. The performance capabilities are compared with the mission specification defined in

Reference 15.4. The requirements of the mission specification pertaining to performance
are listed beiow in Table 15.1.

Table 15.1: Performance Constraints for the APT

Take-off field length (ft.)

Landing distance over 50 ft. obstacle (ft.)

Max. rate of climb (ft/min)

High speed cruise (kts.)

Maximum range (nm)

2000

2500

4000ft/min

420kts

1200nm

The performance abilities of the APT will now be discussed.
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TAKE-OFF;

From Table 15.1 it is seen that the APT needs to have a take-off ground run of

2000 feet. The actual distance required for take-off was calculated to be:

Sg = 1961 ft

It is seen that the take-off distance requirements are met. This is with a maximum take-off
lift coefficient of 2.0.

RATE OF CLIMB;

From Table 15.1 it is seen that the APT needs to have a maximum rate of climb of

4000 ft/mi n. The actual rate of climb that the APT is capable of is:

(RC)max = 4000 (ft/min)

It is seen that the rate of climb requirements are met.

CRUISE:

The APT is required to cruise at high speeds. The maximum level cruise speed is

useful to know. Also, the speed for long range cruise is also helpful for mission planning.

The performance calculations indicated that the APT has the following cruise speed
capabilities:

VCmax = 415 kts. @ 20000 ft

VC max range = 310 kts @ 40000 ft

RANGE:

The maximum range for the APT is found using the long range cruise speed from

above. The maximum range for the APT is:

Rmax = 1300 rim

Meeting the range requirement was possible because of two changes. First, the

reduced wing area and increased wing loading resulted in higher values of L/D. Second, an

increase in the amount of fuel carried was also necessary.
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16. COST ANALYSIS

The purpose of this chapter is to present the different cost components for the APT.

The following cost components are estimated for the year 2000 :

research, development, testing and evaluation cost

manufacturing and acquisition cost

direct and indirect operation cost

life cycle cost

disposal cost

airplane estimated price

The Research, Development, Testing and Evaluation Cost (RDTE) consists of the following

components:

Airframe engineering and design cost : covers all expenses associated with the

preliminary design and engineering work.

- Development support and testing cost : covers the cost of fixing problems found after

the preliminary design and testing of the aircraft.

- Night test aircraft cost : accounts for any special test and simulations that have to be

performed for complex programs.

- Flight test operation cost

- Test and simulation facility cost

- RDTE profit

- RDTE f'mancing cost

The Manufacturing and Acquisition Cost (C_ACQ) includes the following cost components:

- Airframe engineering and design

- Airplane program production cost

- Flight test operation cost

- Financing cost for manufacturing phase

- Manufacturing profit

The Operating Cost (C_OPS) includes the following items :

- Fuel and insurance cost

- Maintenance cost

- Depreciation cost

- Landing fees and taxes

- Financing cost

The Life Cycle Cost (LCC) includes the following items :

- This cost is the sum of the other costs.
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The Disposal Cost (C_DISP)includesany costmadefor disposalof materialsandfluids of the
APT.

Reference16.1provideslabor fees,fudge factors,hardwarepricesandotherparameters
for the APT cost estimationfor a fixed productionof a total of 200 airplanes.

16.1 COST PER AIRCRAFT

The purpose of this section is to present the year 2000 cost parameters of the APT per

aircraft produced. Dividing by the number of aircraft gives a reference on which comparisons

can be developed.

Figure 16.1 shows how the relative RDTE cost per number of aircraft decreases with

the more aircraft that are produced. However, it is during the RDTE phase that

approximately 85% of the final design is determined. Obviously, this is probably the most

critical phase of aircraft design since the final design predicated the associeated cost for the

aircraft. Looking at Table 16.1, it is clear that the cumulative RDTE cost is constant no

matter how many planes are produced.

Figure 16.1 also provides insight into how the relative C_ACQ and C_DISP decrase

with the number of planes produced. Physically, this relates to the fact that once all of the

equipment, methods, and management have been developed for the first plane it does not

have to be done again, therefore, the relative C_ACQ is inversely proportional to the number

of aircraft produced.
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Figure 16.1. Program Cost Per Number of Aircraft
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The data in Figure 16.2showshow the OperatingCost,C_OPS,andLife Cycle Cost,LCC,
decreasewith the numberof planesthat areproduced.

In all of thegraphs,it is clear that if less than100APT aircrft areproduced,then the
cost will be extremelyhigh. AI1of the costparametersshowa dramaticdecreasewithin the
first 100planesproduced.After 100planesareproducedtherelative changein price is not
sodramatic.

The Airplane EstimatedPrice (A_EP),shownin Figure 16.3,supportstheprevious
argument. From 10 to 100planesthe AEP decreasesby eight million dollars. Clearly, if
thereis no a marketfor at least 100APT aircraft it is unwiseto produceevena singleone
becausesomuchof the costis alreadyfixed by the time a singleplaneis produced. The

AEP for a production run of 200 Advance Personal Transports is 3.516 million dollars.
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16.2 CUMULATIVE COST

The purpose of this section is to present the cumulative cost parameters of the APT.

All of the cumulative cost parameters increased as the number of planes produced. Clearly,

the more planes produced the greater the total cost. However, the RDTE cost remained constant

since this money is spent regardless of how many planes are produced. The primary purpose for

this information is to give an idea of just how expensive it is to produce a plane.

16.3 AVIONICS PRICE TRADE STUDY

The purpose of this section is to look at how a change in the base suite avionics price,

from the assumed 1 million dollar price to 1.5 million, affects the outcome of the various cost

parameters. The data for this study can be seen in Table 16.1, Airplane Cost Data.

Looking at the RDTE cost, one can see that the relative RDTE cost is slightly higher for

the more costly avionics suite both for 200 and 500 aircraft. Physically this means that it takes

a little more money to develop and test the more expensive, and one can assume, more advanced

avionics package.

The acquisition, operating, disposal and life cycle cost all increased with the increased

avionics price. An interpretation of this could be that as the avionics become more complex, it

does not necessarily mean that less maintenance will be required. In the future, this will more

than likely be the case. However, with today's technology this is not always true. Furthermore,

since the avionics are more expensive and advanced it will cost more to acquire and dispose of

the materials used in the avionics.

The airplane estimated price, AEP, shows an increase of about 300,000 dollars for the

500,000 dollars worth of extra avionics on board. One should not expect a dollar for dollar

increase since putting more advanced avionics on the plane could reduce the cost in some areas,

and increase the cost in other areas.
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Table 16.1" Airplane Cost Data

Cost/Number of Aircraft Produced

$(x10^6)

Avionics $1xl0 ^ 6

# RDI_

10 6.2658

50 1.25316

100 0.62658

2130 0.31329

300 0.20886

500 0.125316

800 0.078323

C_ACQ
6.0349

4.38198

3.728

3.203

2.952

2.68736

2.487313

C OPS
m

58.9257

40.2832

36.701

34.357

33.363

32.3892

j31.69863

I C DISP
im

0.719

0.46382

0.41471

0.38255

0.368927

0.355574

0.3451

LCC

71.9459

46.3824

41.471

38.2555

36.89267

35.5574

34.61

AEP

12.68

5.98

4.695

3.855

3.499

3.15

2.903

Cumulative Cost for # of A/C Produced

$(xlO ^ 6)

Avionics $1x10 ^ 6

#

10

50

100

200

300

500

800

RDIE C_ACQ C_OPS

62.658

62.658

62.658

62.658

62.658

62.658

62.658

60.349 I
219.099

• 372.8

640.6 ,

885.6[

1343.68[1989.85

589.257

2014.16

3670.1

6871.4

10008.9

16194.6

25358.9

C.DISP

I 7.19

! 7..3.191

I 41.471
76.51

110.678

i 177.787276.08

LCC719.459t

2319.12!
4147.1

7651.1

11067.8

I 17778.7

27688 I

AEP

12.301

5.635

4.355

3.516

3.161

2.813

2.566

Cost/Number of Aircraft Produced

$(xlO ^ 6)

Avionics $1.5x10 ^ 6

# RD'i_

200 0.317455

500 0.126982

C_ACQI C_OPS C_DISP LCC AEP

3.8499 36.178 0.40755 40.753 4.167

3.3344 34.2036 0.380454 38.0454 3.461
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17. CONCLUSIONS AND RECOMMENDATIONS

The following conclusions and recommendations are for both Phase I and Phase II design studies.

17.1 CONCLUSIONS

The Advanced Personal Transport will use a differential GPS with an INS interface to achieve CAT

II approaches and zero visibility ground operations without use of ground based equipment.

Through the use of a heads up display unit and a multi-function touch-screen display, all other flight

instrumentation can be excluded. It was determined that an IGG equipped airplane can lead to a 70%

reduction in pilot workload.

The APT will have a fly-by-wire, decoupled response flight control system that will provide control

system operations that should greatly improve flying qualities.

The airframe of the Advanced Personal Transport pusher configuration has been redesigned to reach

the performance requirements stated in the mission specification. All of the performance requirements are

satisfied. The primary requirements are Iisted below:

S_ = 1961 ft

RCm_ = 4000 ft/min

V=___i_ = 415 kts @ 20000 ft

V=___i_,_ge = 310 kts @ 40000 ft

l_x = 1300 nm

The estimated airplane price of the APT is 3.52 million dollars.

The center of gravity travel of the APT is well within the expected limits of similar aircraft. Also,

the calculated moments of inertia compare well with the values obtained using the radius of gyration
method.

It was determined that if the wing dihedral is changed to -2 °, Level 1 dutch roll handling

characteristics are satisfied. This would, however, also create the spiral mode of the aircraft to be too
stable.

An electro-impulse de-icing system will be used on the leading edge of the wing. A maintenance

and repairability scheme was devised to keep surface tolerances within levels required for natural laminar

flow. With the downsizing of the wing, there was determined to be inadequate room in the wing for all

of the mission fuel required. Some fuel will then have to be stored in the tail booms.
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The final three-viewof the APT, which also displaysthe propulsionsystemintegration,is shown
in Figure 6.6.

I7.2 RECOMMENDATIONS

The amount of laminar flow obtainable on the forward fuselage is still unknown. A more detailed

analysis should be conducted using wind tunnel tests and computer panel codes to more accurately

determine a fuselage shape that obtains as much laminar flow as practical.

The spiral mode of the aircraft needs to be altered to a more favorable, less stable, state. Further

trade studies should be conducted to determine if this is possible.
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Appendix A

Garrett TPE331-15/Twin Pac TM Performance Prediction

Code Runs at Various Flight Conditions

This appendix will deliver the computer data generated for the prediction of the performance of

the Garrett TPE331-15 engines as they are installed in the Soloy Twin-Pac TM. This Twin-Pac TM was
integrated into the fuselage of the Advanced Personal Transport (APT). Accordingly, the code
included performance increments and decrements caused by installation, gearing, tip-losses,
ducting, altitude and airspeed.
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21 84 Performance of Modified Harlzell HC-E5N-3L/L8218 on TPE-331-15 at Sea-Level

2186 Theta= 1.00058 Delta = 1.0006

B D Pav BSFC N T Rtlo CLi AF CP J EIaP T T corr. Pav m f

(It) (hp) _m/(hp-hf(RPM) (°R) (sl/ft3) at Cp, J (Ibf) (Ibf) (hp) Ibm/hr

5 7.08 1858 0.510 1885 518.9 .0023780 0.53 154 0.777 0.549 0,265 2215 2508 1858 948

5 7.083 1858 0.510 1885 518.9 .0023780 0.533 154 0.777 0.589 0.28 2184 2346 1858 948

5 7.083 1859 0.510 1885 518.9 .0023780 0.533 154 0.778 0.631 0.292 2127 2149 1859 948

5 7.083 1862 0.510 1885 518.9 .0023780 0.533 154 0.779 0.722 0.341 2173 2194 1862 950

5 7.083 1867 0.510 1885 518.9 .0023780 0.533 154 0.781 0.824 0.398 2230 2252 1867 952

5 7.083 1874 0.510 1885 518.9 .0023780 0.533 154 0.784 0.933 0.465 2308 2331 1874 956

100 5 7.083 1884 0.510

150 5 7.083 1916 0.510

200 5 7.083 1962 0.510

250 5 7.083 2022 0.510

300 5 7.083 2097 0.510

350 5 7.083 2_88

400 5 7.083 2297

410 5 7.083 2321

1885 518.9 .0023780 0.533 154 0.788 1.05 0.509 2256 2279 1884 961

1885 518.9 .0023780 0.533 154 0.802 1.366 0.657 2277 2300 1916 977

1885 518.9 .0023780 0.533 154 0.821 1.518 0,718 2294 2317 1962 1001

1885 518.9 .0023780 0.533 154 0.846 1.897 0.78 2055 2075 2022 1031

1885 518.9 .0023780 0.533 154 0,877 2.277 0.812 1849 1867 2097 1070

0.510 1885 518.9 .0023780 0.533 154 0.915 2.656 0.834 1698 1715 2188 1116

0.510 1885 518.9 .0023780 0,533 154 0.961 3.036 0.805 1505 1520 2297 1171

0.510 1885 518.9 .0023780 0.533 154 0.971 3.112 0.721 1329 1342 2321 1184
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hpo =

hp av. =

V B

(kls)

0

10

20

40

6O
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100 5 7.083 1250 0.510

150 5 7.083 1273 0.510

200 5 7.083 1306 0.510

250 5 7.083 1349 0.510

300 5 7.083 1402 0.510

350 5 7.083 1468 0.510

400 5 7.083 1546 0.510

410 5 7.083 1563

5 7.08 1232

5 7.083 1232

5 7.083 1232

5 7.083 1235

5 7.083 1238

5 7.083 1243

21 84 Performance of Modified Harlzell HC-E5N-3L/L8218 on TPE-331-15 at 10,000 ft.

1449 Theta = 0.93135 Della = 0.6875

D Pav BSFC N T Rho CLi AF CP J EtaP T 1" corr. Pav m f

(ft) (hp) _m/(hp-hl(RPM) (°R) (sl/ft3) atCp, J (Ibf) (Ibf) (hp) Ibm/hr

0.510 1885 483 .0017553 0.53 154 0.698 0.521 0.272 1590 1724 1232 628

0.510 1885 483

0.510 1885 483

0.510 1885 483

0.510 1885 483

0.510 1885 483

1885 483

1885 483

1885 483

1885 483

1885 483

1885 483

1885 483

0.510 1885 483

.0017553 0.533 154 0.698 0.56 0.279 1517 1620 1232 628

.0017553 0.533 154 0.698 0.602 0.319 1613 1630 1232 629

.0017553 0.533 154 0.7 0.695 0.381 1673 1690 1235 630

.0017553 0.533 154 0.702 0.797 0.448 1720 1737 1238 631

.0017553 0.533 154 0.705 0.908 0.508 1718 1736 1243 634

.0017553 0.533 154 0.708 1.027 0.565 1700 1717 1250 637

.0017553 0.533 154 0.721 1.346 0.698 1631 1647 1273 649

.0017553 0.533 154 0.74 1.518 0.739 1571 1587 1306 666

.0017553 0.533 154 0.764 1.897 0.797 1400 1414 1349 688

.0017553 0.533 154 0.795 2.277 0.824 1254 1267 1402 715

.0017553 0.533 154 0.832 2.656 0.841 1149 1160 1468 749

.0017553 0.533 154 0.876 3.036 0.831 1046 1056 1546 768

.0017553 0.533 154 0.886 3.112 0.821 1019 1029 1563 797
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21 84 Performance of Modified Harlzell HC-E5N-3L/L8218 on TPE-331-15 at 20,000 ft.

931.7 Thela= 0.86251 Delta = 0.4593

B D Pav BSFC N T Rho CLi AF CP J EIaP T 1 corr. Pay mf

(ff) (hp) _m/(hp-h_(RPM) (°R) (sl/ft3) at Cp, J (Ibf) (Ibf) (hp) Ibm/hr

5 7.08 791.9 0.510 1885 447.3 .0012664 0.53 154 0.622 0.492 0.306 1219 1206 791.9 404

5 7.083 792 0.510 1885 447.3 .0012664 0.533 154 0.622 0.531 0.321 1183 1195 792 404

5 7.083 792.4 0.510 1885 447.3 .0012664 0.533 154 0.622 0.573 0.358 1223 1235 792.4 404

5 7.083 793.9 0.510 1885 447.3 .0012664 0.533 154 0.624 0.667 0.402 1183 1195 793.9 405

5 7.083 796.5 0.510 1885 447.3 .0012664 0.533 154 0.626 0.771 0.479 1224 1236 796.5 406

5 7.083 800 0.510 1885 447.3 .0012664 0.533 154 0.628 0.883 0.562 1258 1270 800 408

100 5 7.083 804.6 0.510

150 5 7.083 820.6 0.510

200 5 7.083 843.5 0.510

250 5 7.083 873.4 0.510

300 5 7.083 911 0.510

350 5 7.083 956.7

400 5 7.083 1011

410 5 7.083 1023

1885 447.3 .0012664 0.533 154 0.632 1.004 0.608 1205 1217 804.6 410

1885 447.3 .0012664 0.533 154 0.645 1.327 0.731 1117 1128 820.6 419

1885 447.3 .0012664 0.533 154 0.663 1.518 0.758 1041 1051 843.5 430

1885 447.3 .0012664 0.533 154 0.686 1.897 0.812 924 933 873.4 445

1885 447.3 .0012664 0.533 154 0.716 2.277' 0.837 828 836 911 465

0.510 1885 447.3 .0012664 0.533 154 0.752 2.656 0.848 755 762 956.7 488

0.510 1885 447.3 .0012664 0.533 154 0.794 3.036 0.842 693 700 1011 5"16

0.510 1885 447.3 .0012664 0.533 154 0.804 3.112 0.836 680 686 1023 522
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hpo =

hp av. =

Y

(kls)

0

10

20

40

60
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B

5 7.08 491.1 0.510

5 7.083 491.1 0.510

5 7.083 491.4 0.510

5 7.083 492.4 0.510

5 7.083 494.1 0.510

5 7.083 496.5 0.510

21 84 Performance of Modified Harlzell HC-E5N-3L/L8218 on TPE-331-15 at 30,000 fl.

577.7 Thela = 0.79387 Della = 0.2969

D Pav BSFC N T Rho CLi AF CP J ElaP T 1 corr. Pay mf

(fl) (hp) :)m/(hp-hf(RPM) (°R) (sl/ft3) at Cp, J (Ibf) (Ibf) (hp) Ibm/hr

1885 411.7 .0008893 0.53 154 0.549 0.462 0.302 794 767 491.1 250

1885 411.7 .0008893 0.533 154 0.549 0.501 0.346 838 802 491.1 250

1885 411.7 .0008893 0.533 154 0.55 0.544 0.362 808 816 491.4 251

1885 411.7 .0008893 0.533 154 0.551 0.639 0.429 818 826 492.4 251

1885 411.7 .0008893 0.533 154 0.553 0.744 0.503 826 834 494.1 252

1885 411.7 .0008893 0.533 154 0.555 0.858 0,569 813 822 496.5 253

100 5 7.083 499.6 0.510 1885 411.7 .0008893 0.533 154 0.559 0.98 0.648 816 824 499.6 255

150 5 7.083 510.4 0.510 1885 411.7 .0008893 0.533 154 0.571 1.308 0.742 716 723 510.4 260

200 5 7.083 525.8 0.510 1885 411.7 .0008893 0.533 154 0.588 1.518 0.784 671 678 525.8 268 .

250 5 7.083 546.1 0.510 1885 411.7 .0008893 0.533 154 0.611 1.897 0.824 586 592 546.1 279

300 5 7.083 571.6 0.510 1885 411.7 .0008893 0.533 154 0.639 2.277 0.846 525 530 571.6 292

350 5 7.083 602.7 0.510 1885 411.7 .0008893 0.533 154 0.674 2.656 0.854 479 484 602.7 307

400 5 7.083 640 0.510 1885 411.7 .0008893 0.533 154 0.716 3.036 0.842 439 443 640 326

410 5 7.083 648.2 0.510 1885 411.7 .0008893 0.533 154 0.725 3.112 0.825 425 429 648.2 331
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hpo =

hp av. =

V

(kls)

0

10

20

40

60

80

B D Pay BSFC N

(ft) ;(hp) )m/(hp-hf (RPM)

5 7.08 297.9 0.510 1_85

5 7.083 297.9 0.510 1885

5 7,083 298.1 0.510 1885

5 7.083 298.7 0.510 1885

5 7.083 299.8 0.510 1885

5 7.083 301.4 0.510 1885

100 5 7.083 303.4 0.510 1885

150 5 7.083 310.3 0.510 1885

21 84 Performance of Modified Hartzell HC-E5N-3L/L8218 on TPE-331-15 at 40,000 ft.

350.4 Thela= 0.75202 Delta = 0.185

T Rho CLi AF CP J EtaP T 1- corr. Pay m f

(°R) (sl/ft3) at Cp, J (Ibf) (Ibf) (hp) Ibm/hr

390 .0005851 0.53 154 0.506 0.443 0.322 535 492 297.9 152

200 5 7.083 320.2 0.510 1885

250 5 7.083 333.2 0.510 1885

300 5 7.083 349.6 0.510 1885

350 5 7,083 369.6 0.510 1885

400 5 7.083 393.7 0.510 1885

410 5 7.083 399 0.510 1885

390

390

390

390

390

390

390

390

390

390

390

390

390

.0005851 0.533 154 0.507 0.483 0.361 550 521 297.9 152

.0005851 0.533 154 0.507 0.526 0.401 562 567 298.1 152

.0005851 0.533 154 0.508 0.621 0.481 572 577 298.7 152

.0005851 0.533 154 0.51 0.727 0,539 549 555 299.8 153

.0005851 0.533 154 0.512 0.843 0.591 522 527 301.4 154

.0005851 0.533 154 0.516 0.966 0.659 511 516 303.4 155

.0005851 0.533 154 0.528 1.296 0,758 448 453 310.3 158

.0005651 0.533 154 0.544 1.518 0.794 414 418 320.2 163

.0005851 0.533 154 0.567 1.897 0.831 361 364 333.2 170

.0005851 0.533 154 0.594 2.277 0.85 323 326 349.6 178

.0005851 0.533 154 0.628 2.656 0.857 295 298 369.6 189

.0005851 0.533 154 0.669 3.036 0.851 273 276 393.7 201

.0005851 0.533 154 0.678 3.112 0.831 263 266 399 204
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622 Pro t hrust Data Tue, Feb b, J91 8:53 PM

mf 20,000 It T Corr. Pav 30,000 fl mf 30,000 It

1 404.000 767.000 491.100 250.000

2 404.000 802.000 491.100 250.000

3 404.000 816.000 491.400 251.000

4 405.000 826.000 492.400 251.000

5 406.000 834.000 494.100 252.000

6 408.000 822.000 496.500 253.000

7 410.000 824.000 499.600 255.000

8 419.000 723.000 510.400 260.000

9 430.000 678.000 525.800 268.000

O 445.000 592.000 546.100 279.000

1 465.000 530.000 571.600 292.000

2 488.000 484.000 602.700 307.000

3 516.000 443.000 640.000 326.000

4 522.000 429.000 648.200 331.000

T Corr. Pay 40,000 fl mf 40,000 fl

492.000 297.900 152.000

521.000 297.900 152.000

567.000 298.100 152.000

577.000 298.700 152.000

555.000 299.800 153.000

527.000 301.400 154.000

516.000 303.400 155.000

453.000 310.300 158.000

418.000 320.200 163.000

364.000 333.200 170.000

326.000 349.600 178.000

298.000 369.600 189.000

276.000 393.700 201.000

266.000 399.000 204.000
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Velocity (kts) T Corr. S.L. PavS L. m|S.L

1 0.000 2508.000 1858.000 948.000

2 10,000 2346.000 1858.000 948.000

3 20.000 2149.000 1859.000 948.000

4 40,000 2194.000 1862.000 950.000

5 60.000 2252.000 1867.000 952.000

6 80,000 2304,000 1874.000 956.000

7 100.000 2308.000 1884.000 961.000

8 150,000 2300.000 1916.000 977,000

9 200.000 2190.000 1962.000 1001.000

10 250.000 2075.000 2022.000 1031.000

11 300.000 1867.000 2097.000 1070.000

12 350.000 1715.000 2188000 1116.000

13 400.000 1520.000 2297.000 1171.000

14 410.000 1342.000 2321.000 1184.000

622 Pro r

T Corr.

hrust Dala

10,000 It Pay

1724.000

1620000

1630.000

1690.000

1737.000

1736.000

1717.000

1647.000

1587.000

1414,000

1267.000

1160.000

1056.000

1029.000

10,000 It

1232.000

1232.000

1232.000

1235.000

1238.000

1243.000

1250.000

1273.000

1306,000

1349.000

1402.000

1468.000

1546000

1563.000

mf 10,000 N

628.000

628.000

629.000

630.000

631.000

634.000

637.000

649.000

666.000

688.000

715.000

749.000

788,000

797.000

Tue, Feb 5, _,91 8:53 PM

T Corr. 20.000

1206.000

1195.000

1235.000

1195.000

1236.000

1270.000

1217.000

1128.000

1051.000

933.000

836.000

762.000

700.000

686.000

Pav 20,0o0 H

791,900

792.000

792,400

793,900

796,500

800.000

804,600

820.600

843.500

873,400

911.000

956.700

1011.000

1023.000
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•Appendix B

APT Fuel Volume Calculation

The purpose of this section is to present the calculated APT fuel volume.
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APT Pusher
Fuel Volume Calculation

Span Loc
(mche )I

0

6

12

18

24

30

36

42

48

54

6O

66

72

78

84

9O

96

102

108

114

120

126

132

138

144

150

156

162

168

174

180

186

192

198

204

210

216

Y1

(inch=)

43.92

40.15521

36.39043

32.62564

28.86085

25.09607

21.33128

17.56649

13.80171

10.03692

6.272134

2.507348

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

Y2

inches)

53.65

52.67972

51.70944

50.73917

49.76889

48.79861

47.82833

46.858O6

45.88778

44.9175

43.94722

42.97694

42.00667

41.03639

40.06611

39.09583

38.12556

37.15528

36.185

35.21472

34.2A4_

33.27417

32.30389

31.33361

30.36333

29.39306

28.42278

27.4525

26.48222

25.51194

24.54167

23.57139

22.60111

21.63083

20.66056

19.69028

18.72
i

Chord

(feet)

8.130833

7.736245

7.341656

6.947067

6.552479

6.15789

5.763301

5.368712

4.974124

4.579535

4.18,19,16

3.790358

3.500556

3.419699

3.338843

3.257986

3.17713

3.096273

3.015417

2.93456

2.853713,1

2.772847

2.691991

2.611134

2.530278

2.449421

2.368565

!2.287708

12.206852

i2,125995
2.045139

1.  ,4282
1.883426

1.802569

1.721713

1.640856

156
i

Fuel Vol

(feet ^ 3

0

1.068313

1.924227

1.722944

1.532779

1.35373

1.185798

;1.028984

o.883z86
0.748705

0.625242

0.512895

0.437464

0.417488

0.397979

0.378937

0.360361

0.342253

0.324611

0.307436

0.290727

0.274486

0.258711

0.243403

0.228562

0.214188

0.200281

0.18684

O.173866

0.161359

0.149319

0.137745

0.126638

0.115998

0.105825

0.096119

0.08688

ml

Y1 I,,I

Equation Summary

Fuel Volume =

(.70c-.105c)*.(13-.01)c'(dspan/12)

t/C=.13

Y1 = 3.66'-(spanloc/5.833')/3.66'

for 0< Span_loc< 5.833'

Y2 =4.4712'-((4.4712'-1.56')/18')'sp_1oc

for 0< Sp_loc < 18'

" 3" taken from span location to

account inboard spar location -

fuselage attachment

Total Fuel Volume Both Wings (ft ^ 3)

32.53125

.15b for lightning strike

.9 scaling factor for pumps/bays/n'bs
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APPENDIX C: WEIGHT AND BALANCE SPREADSHEET

This Appendixcontainsthespreadsheetusedto determinethecomponentweightsfor the

APT. It is a spreadsheet developed for General Aviation airplanes. It also calculates the center of
gravity of the airplane as well as the moments of inertia.
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C LASS:11;WE IGHT!i_AND!BA EA NC E iSPREAD SH EE_i EO R !GEN ERAEIAVIA_O Niiiii:=iliiii!i!iiii:=iiiiii_,::i_=i=:_::::iiii_i_::_iiii::ii_i::://:
Written by: Ed Wenninger

Revision: 5/10/91

Current data: APT Pusher Configuration

!:.iiiilii_i::i::i!i::!iiiiiiiiiliiiiiiii::iiiii::i!iiiii:.i!iiiii::iii::iiiiiiiii::!::i::ii_i!_ii!i!i_!i!i!i!_ii_!_i_:i:_iii_?_i_iiiii_:iiii.i_i_iii!iiiiiiii!ii_!i!i!_iiiiiiiiiii!!!!!i!_i!i_ii_i!iiuS_i iO EiiiRESU ET Si_iiii!i!i!i_iiiii_i_ii_iiiiiiiiiiiii!i?:ii_i!_i_iiiiiiiiiiiiiiii_i!_!_i_iii!_!:_iiiiiii_i_!ii_iiiii_iii!iii_iiiiiii`_iiiiiiiiii_ii!i!i_i

WE = 4286 pounds WTO = 7264 pounds
Xcg WE = 246.1 inches Xcg WTO = 244.6 inches
Ycg WE = 0.0 inches Ycg WTO = 0.0 inches
Zcg WE = 73.1 inches Zcg WTO = 75.6 inches

lxx TO = 4553 slug-ft"2 Izz TO = 11205 slug-ft^2
tyy TO = 8722 stug-ft*2 lxz TO = 809 slug-ft^2

WING TERMS _ VERTICAL TAIL TERM_
Sw = 130 S_h = 32.9 Sv = 20.2

ARw = 10.03 b_h = 12.2 0.5c Sweep = 15
b= 36.11 trh= 0.24 bv= 5

0.5cSweep= 17.5 Ih= 16.8 try= 0.44
0.25c Sweep = 14.51 M.A.C. h = 2.64 # of surfaces = 2
lambda wing = 0.2766 0.5c Sweep = 0

GW guess = 7264 VD = 250 MISCELEANEOUS TERMS:
n_ult = 5.3 Mff = 0.728

trw = 0.71 TECH FACTORS: Np = 1
t/c max = 0.13 Wing 0.95 Nbl = 5

VH = 224.5 Fuselage 0.9 Dp = 6.7
We guess = 4286 Horizontal tail 0.85 PTO = 700

CANARD TERMS Vertical tail 0.85 Ne = 2
Sc = 19.7 Canard 0.8 Nt = 2

ARc = 7 Wtfo = 35

bc = 11.8 FUSELAGE TERMS; Npax = 6
0.5c Sweep = 0 If = 27.3 MD = 0.7

trc= 0.2 hf= 5.3 lcabin = 13.8
0.25c Sweep = 0 wf = 5 (W/S) max = 43

lambda = 0.7 VC = 202.1 q bar dive = 211.7
tic max = 0.1 Sfgs = 353.7

h-boom= 0.83 Ninl= 2
LANDING GEAR TERMS w - boom = 0.75 Ld = 4

tsm= 6 S-boom= 26.9 Ainl= 2
Isn = 3 L-boom = 20

N row = 3
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ESTIMA TESTRUCTURALiWEIGHTiiiiI::i::ili::!::ii!::i::i::i::i!i!::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: ..............

COMPONENT: USAF Torenbeek AVERAGE
Wing 489 482 485
Canard 152 144 148
Horizontal tail 74 54 64
Vertical tail 55 60 58
Fuselage 512 561 536
Tail booms 97 113 105
Landing gear 256 276 266

Estimated main gear weight:
Estimated nose gear weight:

Wstr = 1526 pounds

Avg*Tech Wgt. Fraction
461 0.063
119 0.016
54 0.007
49 0.007

483 0.066
94 0.013

266 0.037
186 0.026
80 0.011

Wstr/Wto = 0.247

COMPONENT: METHOD 1: METHOD 2: .AVERAGE VALUE USED Wgt. Fraction
Engine 430 430 860 0,118
Air induction sys. 84 84 84 0.012
iFuel system 158 199 179 179 0.025
Propeller 117 151 134 134 0.018
Prop. Controls 2 2 2 0.000
Engine start 34 34 34 0.005
Engine controls 64 64 64 0.009
Prop gearbox 150 150 150 0.021

Wprop. = 1506 pounds Wprop/Wto = 0.207

ES TIMA_::I EIXEDi !EQUIPME_: ::WEIG_iiiiii@ iiiii::::i::iii::i::::i::iiiiii::::iii::::::!::!ii::iiiiiiiiiiiii,i!iiiiiii.iii!i.i.i.i.i.i::.ii::i.i.::i::ii.i::.ii_:i.li.::.ii.i::::iii.i.ili.i.iii::.iiiii.ii::iiiiiiiiiiii!_!i!.i.i._.i._._!_._._i_._._.__.i.L_j._._._.

COMPONENT: METHOD 1: METHOD 2: AVERAGE VALUE USED Wgt. Fraction
Flight Controls 279 270 274 220 0.030
Elect. System 257 195 226 316 0.044
Hydraulic System N.A. N.A. N.A. 0.000
Instr, & Avionics 198 98 148 192 0.026

A/C & Anti-ice 217 194 206 206 0.028
Oxygen System 25 37 31 31 0.004

Furnishings 248 158 203 203 0.028
Aux. Gear 43 - 43 43 0.006

Paint 44 44 44 0.006
Ballast 0 - 0 0 0.000

1254Wfe = pounds Wfe/Wto = 0.173
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Pass. group 1 175 1 175
Pass. group 2 175 2 350
Pass. group 3 175 2 350
Pass. group 4 0 2 0
Baggage 1 30 4 120
Baggage 2 30 2 60
Baggage 3 0 0
Fuel Tank 1 1923 1 1923
Fuel Tank 2 0 1 0
Fuel Tank 3 0 1 0
Fuel Tank 4 0 1 0

Pax. Total = 875

Baggage Total= 180
Wpayload = 1055

Wfuel = 1923
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INPUT;COMPONENTiC_G_;IilLOCA TlONSiOt_EiFl.)(EDiEQUIPMENTi:i_iiiiiiiiii::iiii il i i::ii!ii!::::ii::ii::!::i i ::::::i!iiii

Component X (F.S) in. Y (B.L) in. Z (W.L.) in. X - Moment Y - Moment Z - Moment
Flight Controls 180.0 0.0 65.0 39518.8 0.0 14270.7
Ebet. System 150.0 0.0 65.0 47420.3 0.0 20548.8
Hydraulic Sys. 0.0 0.0 0.0 0.0 0.0 0.0
Instr & Avionics 90.0 0.0 70.0 17322.7 0.0 13473.2
A/C & Press. 200.0 0.0 70.0 41109.6 0.0 14388.4
Oxygen System 140.0 0.0 60.0 4327.7 0.0 1854.7
Furnishings 180.0 0.0 70.0 36517.1 0.0 14201.1
Aux. Gear 80.0 0.0 60.0 3429.1 0.0 2571.8
Paint 255.0 0.0 80.0 11114.4 0.0 3486.9
Ballast 0.0 0.0 0.0 0.0 0.0 0.0

Xcg FE = 160.1 inches
Ycg FE = 0.0 inches
Zcg FE = 67.6 inches

INRUTiCOMPONENTG_G,:!i::LOCATiONSIFTOR:i:_E_EOI.:LOWIN(_ii!Ii ::i i::::::::::::::::i iili !iiii!i:: iii iiiiiiiiiiiiii!i:_ili:;i

Component X (F.S) in. Y (B.L.) in. Z (W.L) in.
Fuselage 195.0 0.0 72.0
Tail Booms 360.0 0.0 82.0
Wing 260.0 0.0 85.0
!Canard 70.0 0.0 47.0
=Horizontal Tail 440.0 0.0 135.0
Vertical Tail 425.0 0.0 105.0
Main Gear 275.0 0.0 35.0
Nose Gear 98.0 0.0 35.0
Engines 328.0 0.0 75.0
Air Induct. Sys. 290.0 0.0 65.0
Fuel System 280.0 0.0 82.0
Propeller 386.0 0.0 87.0
Prop. Controls 180.0 0.0 70.0
Engine Start 335.0 0.0 90.0
Engine Control 180.0 0.0 70.0
Prop. Gearbox 355.0 0.0 85.0
Trapped fuel/oil 280.0 0.0 82.0
Fixed Equip. 160.1 0.0 67.6
Pass. group 1 158.0 0.0 70.0
Pass. group 2 187.0 0.0 70.0
Pass. group 3 240.0 0.0 70.0
Pass. group 4 0.0 0.0 0.0
Baggage grp. 1 258.0 0.0 61.0
Baggage grp. 2 172.0 0.0 63.0
Baggage grp. 3 0.0 0.0 0.0
Fuel Tank 1 262.0 0.0 85.0
Fuel Tank 2 0.0 0.0 0.0

Fuel Tank 3 0.0 0.0 0.0
Fuel Tank 4 0.0 0.0 0.0

X - Moment Y - Moment Z - Moment
94140.0
33971.7
119916.1
8304.8

23784.2
20785.9
51270.1
7830.3

282080.0
24232.4
50004.4
51559.0
408.2

11355.3
11560.2
53250.0
9800.0

200759.6
27650.0
65450.0
84000.0

0.0
30960.0
10320.0

0.0
503826.0

0.0
0.0
0.0

0.0 34759.4
0.0 7738.0
0.0 39203.3
0.0 5576.1
0.0 7297.4
0.0 5135.3
0.0 6525.3
0.0 2796.5
0.0 64500.0

0.0 5431.4
0.0 14644.1
0.0 11620.8
0.0 158.7
0.0 3050.7
0.0 4495.6
0.0 12750.0
0.0 2870.0
0.0 84795.5
0.0 12250.0
0.0 24500.0
0.0 24500.0
0.0 0.0
0.0 7320.0
0.0 3780.0
0.0 0.0
0.0 163455.0
0.0 0.0
0.0 0.0

0.0 0.0
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Component Mass (slug) Ixx (s - if^2) lyy (s - if^2) Izz (s - if^2) I×z (s - if^2)
Fuselage 15.0 1.3 258.2 256.9 18.6
Tail Booms 2.9 115.4 271.9 271.0 15.0
Wing 14.3 8.8 32.3 23.5 14.4
Canard 3.7 20.9 802.1 781.2 127.9
Horizontal Tail 1.7 41.2 486.5 445.3 135.4
Vertical Tail 1.5 9.1 352.5 343.4 56.0
Main Gear 5.8 118.5 103.4 37.1 -49.6
Nose Gear 2.5 28.4 399.4 370.9 102.7
Engines 26.7 0.1 1289.8 1289.7 -9.2
Air Induct. Sys. 2.6 2.0 39.1 37.1 -8.7
Fuel System 5.6 1.6 49.8 48.2 8.7
Propeller 4.2 3.8 579.8 576.1 46.5
Prop. Controls 0.1 0.0 2.1 2.0 0.2
Engine Start 1.1 1.5 61.2 59.7 9.5
Engine Control 2.0 0.4 58.4 57.9 5.0
Prop. Gearbox 4.7 2.9 397.2 394.3 33.6
Trapped fuel/oil 1.1 0.3 9.8 9.4 1.7
Fixed Equip. 39.0 17.2 1952.1 1934.9 182.5
Pass. group 1 5.4 1.2 284.8 283.6 18.3
Pass. group 2 10.9 2.4 253.5 251.1 24.4
Pass. group 3 10.9 2.4 4.0 1.6 2.0
Pass. group 4 0.0 0.0 0.0 0.0 0.0
Baggage grp. 1 3.7 5.5 10.1 4.6 -5.0
Baggage grp. 2 1.9 2.1 70.4 68.4 " 11.9
Baggage grp. 3 0.0 0.0 0.0 0.0 0.0
Fuel Tank 1 59.8 36.7 161.7 125.0 67.7
Fuel Tank 2 0.0 0.0 0.0 0.0 0.0
Fuel Tank 3 0.0 0.0 0.0 0.0 0.0
Fuel Tank 4 0.0 0.0 0.0 0.0 0.0

CA:lE_UL_ TE_i_ii_::_MP_NENTs::iAB_!iTHEMSEt_E_i!_i_i!iii_i!iii_:iii!iiii_i!ii_iiii_iiii_iiiiiiiiii!iii_iiiiiiiiiii_i_i_i_i_iii_i_iiiiii_ii_!_!i_!_i_iiiiiiiiiiii!iii!!i!!!_iiiiiiiiii_iii_:_i!i_!_!iiiiiiiii!i!iii

Component Avg. length Avg. hgt. Avg. Width Ixx (s-if^2) lyy (s-ft^2) lzz (s-if^2)
Fuselage 327 52 52 7 0 700 700
Wing 60 7 533 254 6 2 2 1 76 8

Engine 37 21 40 1 9 1 7 2 4
Fuel 1 45 5 200 1494 53 1039

Fuel 2 0 0 0 0 0 0
Fuel 3 0 0 0 0 0 0
Fuel 4 0 0 0 0 0 0
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DETERMINE CENTER O_GRA VITY:iTRA VE_i_iii_iii:=i::i::iii_i_i_iii_i_iiiiiiiiiii::iii::ii_iii:_i_i_:::=_:iii_=iii:=iii_i:=i_iii!i=:i_iiii:_iiiii!i::_ii:=iii__:ill _=iii_=i_=i_:iiiii_= ....

Loading Seq. We + _Wi X moment Xcg (in.) Z moment Zcg (in.)
Fuel Tank 1 251.047344
Pass. group 1 248.49684
Pass. group 2 245.3007
Pass. group 3 245.03882
Baggage 1 245.25471
iBaggage 2 244.64966

6209.3396 1558838.22
6384.3396 1586488.22
6734.3396 1651938.22
7084.3396 1735938.22
7204.3396 1766898.22
7264.3396 1777218.22

Fuel Tank 1 6209.3396 1558838.22 251.047344
iPass, g_up 1 6384.3396 1586488.22 248.49684
Pass. group 2 6734.3396 1651938.22 245.3007
_Pass. group 3 7084.3396 1735938.22 245.03882
:Baggage 2 7144.3396 1746258.22 244.425421
Baggage 1 7264.3396 1777218.22 244.64966

FuelTank 1 6209.3396 1558838.22 251.047344
Baggage 1 6329.3396 1589798.22 251.179162

Pass. group 3 6679.3396 1673798.22 250.593369
Pass. group 2 7029.3396 1739248.22 247.426972
Pass. group 1 7204.3396 1766898.22 245.25471
Baggage 2 7264.3396 1777218.22 244.64966

Unloading
Fuel Tank 1

Pass. group 1
Pass. group 2
Pass. group 3
Baggage 1
Baggage 2

FuelTankl
Baggage 1
Pass. group 3
Pass. group 2
Pass. group 1
Baggage 2

Fuel Tank 1

Pass. group 1
Pass. group 3
Pass. group 2
Baggage 2
Baggage 1

Wto - _'.Wi X moment Xcg (in.)

5341.3396 1273392.22 238.403156
5221.3396 1242432.22 237.952769
4871.3396 1158432.22 237.805678
4521.3396 1092982.22 241.73858
4346.3396 1065332.22 245.110211
4286.3396 1055012.22 246.133604

Z moment Zcg _in.)
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